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ABSTRACT 


A research program to study smoldering combustion with 
emphasis on the design of an experiment to be conducted in the 
Space Shuttle was conducted at the Department of Mechanical 
Engineering, University of California Berkeley under NASA 
sponsorship. The motivation of the research is the interest in 
smoldering both as a fundamental combustion problem and as a 
serious fire risk. Research conducted included theoretical and 
experimental studies that have brought considerable new 
information about smolder combustion, the effect that buoyancy 
has on the process, and specific information for the design of a 
space experiment. Experiments were conducted at normal gravity, 
in opposed and forward mode of propagation and in the upward and 
downward direction to determine the effect and range of influence 
of gravity on smolder. Experiments were also conducted in 
microgravity, in a drop tower and in parabolic aircraft flights, 
where the brief microgravity periods were used to analyze 
transient aspects of the problem. Significant progress was made 
on the study of one-dimensional smolder, particularly in the 
opposed-flow configuration. These studies provided the background 
for a continuation research program currently underway on 
smoldering, also supported by NASA. They also provided enough 
information to design a small-scale space-based experiment and 
that was successfully conducted in the Spacelab Glovebox in the 
June 1992 USML-l/STS-50 mission of the Space Shuttle Columbia. 



I. INTRODUCTION 


Smoldering is defined as a non-flaming, surface combustion 
reaction, that propagates through the interior of porous 
combustible materials. The propagation of the smolder reaction is 
a complex phenomena involving processes related to the transport 
of heat and mass in a porous media, together with surface chemi- 
cal reactions. Smoldering is a weakly reacting phenomena, and 
generally propagates very slowly. However, it can play an impor- 
tant role in the initiation of unwanted fires because of the 
potential rapid transition from the slow smoldering reaction to 
the flaming combustion of the material. Furthermore, smoldering 
is often difficult to detect and suppress because it may take 
place in the material interior and the porosity of the material 
may prevent the access of the extinguishing agent to the reaction 
zone. Thus, understanding of the physical and chemical mechanisms 
controlling smoldering is important not only because smoldering 
is a fundamental combustion process, but because such understand- 
ing can be critical to the prevention and control of destructive 
fires. 

Smoldering is classified into opposed and forward 

configurations according to the direction in which the oxidizer 
flows toward the reaction zone. In opposed smolder, the oxidizer 
enters the reaction zone opposing the direction of propagation, 
and in forward smolder in the same direction. Since in the 
reference frame of the reaction zone the fuel and oxidizer enter 
the reaction zone from the same direction in opposed smolder and 
in the opposite direction in forward smolder, the former type of 
smolder has been also referred to as co-current smolder, and the 
latter as counter-current. The transport of mass can take place 
by mixed convection, forced and free, and by diffusion. This 
leads to a secondary classification of smoldering into convection 
driven and diffusion driven smolder. At normal gravity there is 
yet another classification into downward and upward smolder 
propagation. 


Research conducted under this grant included theoretical and 
experimental studies of both opposed and forward smolder, that 
have brought considerable new information about smolder com- 
bustion and the effect that buoyancy has on the process. During 
the initial stages of the research program, emphasis was given 
to the development of a theoretical foundation for the program. 
Once the theoretical development reached a stage where 
comparison with experiments was deemed necessary, the emphasis 
was shifted to the experimental program. The objective of the 
experiments was to determine the effect of buoyancy (gravity) on 
smoldering, and to provide a data base for theoretical models 
verification. Experiments indicated that buoyancy had a small 
influence on the one-dimensional, co-current smoldering of 
cellulose and only at very low forced flow air velocities. It has 
a significant influence, however, when smolder occurs in a 
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gas-solid interface. Unfortunately, cellulose powder sediments 
and it is not possible to do upward burning experiments, or to 
significantly vary the void fraction in normal gravity. For this 
reason the research was switched to conducting the experiments 
with polyurethane foam. 

Polyurethane foam, however, smolders only in a narrow range 
of conditions. After testing several ignition methods, a reliable 
ignition system was developed, and a vigorous ground based 
experimental program followed. A series of experiments in normal 
gravity for downward and upward, natural convection, co-current 
smoldering of polyurethane foam were completed. Another series 
of experiments were conducted at the NASA LeRC 2.2 seconds 
Drop-Tower to observe trends in the ignition characteristics of 
the foam, and to attempt to infer how smoldering will behave in 
microgravity. These tests were followed by another series of 
variable gravity smolder experiments conducted in the KC-135 and 
Lear- jet aircraft. 


II. RESEARCH PROGRESS 

The research program was planned to follow a progressive 
path aimed to acquire the information needed to design smolder 
experiments to be carried out in a space-based laboratory. The 
experiments would provide data, which in conjunction with 
theoretical models, would help to elucidate the mechanisms 
controlling smolder, and its potential behavior, in a space 
environment. The research conducted under this grant is 
summarized below. References are given, to papers published or 
presented at meetings, that describe the work in more detail. 


II. 1 THEORY 

During the initial stages of the research program efforts 
were concentrated on the development of theoretical models of 
smolder. Models of opposed (co-current) and forward (counter- 
current) smoldering under pure forced-flow, zero-gravity, condi- 
tions were developed [1,2,4]. The models describe the propagation 
of a smolder reaction through a porous solid fuel, and the 
resulting governing equations consist of the Darcy equation to 
describe the flow through the porous media, and the energy and 
species equations to describe the heat released at the reaction 
and the transport of heat and mass to and from the reaction. 
Because of the microgravity environment, it is assumed that the 
propagation of the smolder reaction is one-dimensional and 
steady. Radiation heat transfer is incorporated using the 
diffusion approximation and smolder combustion is modeled by a 
finite rate, one step reaction mechanism. Because the solid and 
the gas move at different velocities, both the smolder 
temperature, and the smolder velocity are eigenvalues. 
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The resulting dimensionless equations are similar to those 
governing the propagation of a laminar premixed flame for opposed 
smolder, and to a diffusion flame for foprard smolder. From these 
non-dimensional equations the non-dimensional groups that control 
smoldering were identified for their use in the definition of 
the experiments [1,2,4]. The solution of the equations provided 
explicit expressions for the char oxidation velocity, and smolder 
reaction velocity and temperature. A global energy balance 
between the energy released in the reaction and the energy 
required to preheat the solid and the gas provides an explicit 
expression for the smolder velocity. The key predictions are that 
the smolder reaction temperature increases logarithmically and 
the smolder velocity linearly with the oxygen mass flux reaching 
the reaction. 


II. 2 EXPERIMENTS 

Once the theoretical development reached a stage where 
comparison with experiments was deemed necessary, the emphasis 
was shifted to the development of the experimental aspect of the 
project. The scope of the experiments was the determination of 
how, and under what conditions, buoyancy (gravity) affects 
smoldering, and to provide a data base for comparison with theo- 
retical models. 


II. 2.1 Cellulose smoldering 

Experiments were first conducted with powder cellulose as 
the combustible material [3,5,6] because it smolders easily and 
because there is considerable information about the subject in 
the technical literature. In the experiments buoyancy was 
modified primarily by changing the gas density through the ambi- 
ent pressure. These experiments indicated that deep in the 
interior of the cellulose sample, buoyancy had a small influence 
on the one-dimensional, downward, opposed smoldering and only at 
low forced— flow air velocities. It had a significant 
influence, however, when smolder occurred at the gas/solid 
interface, or if chimney- induced drafts were present in the 
experiments . 

Cellulose powder sediments and it is not possible to do 
upward burning experiments, or to significantly vary the void 
fraction in normal gravity. For this reason the research was 
switched to conducting the experiments with a self-supporting 
porous fuel, specifically polyurethane foam. 


II. 2. 2 Polyurethane Foam Smoldering 

Polyurethane foam smolders only in a narrow range of 
conditions, extinguishing, melting, or flaming if these 
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conditions are not met. The determination of the range of 
conditions at which polyurethane foam smolders, and the 
development of an appropriate ignition method was a difficult and 
frustrating task that took a considerable amount of time to be 
resolved. Finally a reliable ignition system based on an 

electrically-heated Nichrome wire sandwiched in two layers of 
porous ceramic was developed. This development led to a very 
active and vigorous ground-based experimental program on the 
smoldering characteristics of polyurethane foam. 


II. 2. 2.1 Natural Convection 

A series of experiments in normal gravity for downward and 
upward, natural -convection smoldering of polyurethane foam was 
completed first [7]. The experiments showed that for the foam 
used, buoyancy influences the smolder reaction only for fuel 
heights of around 5 cm or smaller. For larger foam heights, 
normal-gravity buoyancy can not overcome the friction losses in 
the sample interior and generate convective flows, unless a 
chimney effect is created by the hot char left by the propagating 
smolder reaction or by external means (a duct located on top of 
the fuel, for example). Under these conditions the smolder 
velocity for both upward and downward smolder are similar. These 
results indicate that the air contained in the foam pores may be 
sufficient to sustain smolder. This result could be of particular 
importance if smoldering were to occur in a spacecraft, since 
microgravity provides an insulating environment and the heat from 
the smolder reaction, not being convectively removed, could lead 
to an enhancement of the smolder reaction, or even to the 
transition to flaming. 


II. 2. 2. 2 Forced Flow 

The above experiments were followed by another series of 
experiments of forced flow smoldering, opposed and forward, [8|. 
In addition to providing information about the smolder process in 
forced flows, the experiments had the objective of determining 
the range of flow velocities at which buoyancy has a significant 
role in the smolder process. This was accomplished by comparing 
the results for upward and downward smoldering. Measurements 
conducted in these experiments included the smolder propagation 
velocity and reaction zone temperaturfe as a function of the air 
flow velocity, the location of the smolder front along the 
sample, and the direction of smolder propagation (downward and 
upward) . 

The experimental results showed that there are some common 
characteristics to all the smolder configurations tested. All the 
experiments showed that three zones with distinct smolder 
characteristics can be identified along the foam sample. An 
initial zone near the igniter where the smolder process is 
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influenced by heat transfer from the igniter, an intermediate 
zone where smolder is self - sustained and free from external 
effects, and a third zone near the sample end that is strongly 
affected by convective currents. The smolder reaction propagation 
velocity and temperature generally have a direct correspondence 
and vary in each one of these three zones. The analysis of these 
variations confirmed that the smolder process is controlled by 
the competition between the supply of oxidizer to the reaction 
zone and the loss of heat from the reaction zone. However, the 
variation of the smolder velocity and temperature with the forced 
flow is quantitatively different for opposed and forward 
smoldering due to the different effect that the flow direction of 
the oxidizer and post - combustion gases have in each case. 

Opposed Smoldering [8]: The variation with the opposed, forced 
air flow of the smolder propagation velocity and temperature 
shows that both parameters reach a maximum at flow velocities of 
approximately 2.5 mm/sec. At low flow velocities, oxygen 
depletion is the dominant factor controlling the smolder 
process, and the smolder velocity and temperatures are small. 
Increasing the flow velocity strengthens the smolder reaction due 
to the addition of oxidizer, which results in larger smolder 
velocities and temperatures. At even larger flow velocities 
convective cooling becomes dominant causing the weakening and 
final extinction of the smolder reaction. These competing 
mechanisms play a very important role in the end region of the 
sample where buoyancy-generated currents result in the strong 
enhancement of the reaction or in its extinction, depending on 
whether oxygen supply or convective cooling is the controlling 
smolder mechanism. Comparison between downward and upward 
smoldering indicates that gravity influences the smolder 
combustion of this type of foam for forced flow velocities 
smaller than 3 mm/sec, and sample sizes smaller than 50 mm. 

Forward Smoldering [9]: The results of the dependence on the 
forced flow velocity of the smolder propagation velocity and 
temperature shows that in this case the smolder velocity always 
increases and the temperature decreases with the air flow rate, 
regardless of the sample location. These trends are the result of 
the hot post-combustion gases being convected ahead of the 
smolder front. Although they preheat the virgin material favoring 
the propagation of the reaction, they also dilute the oxidizer 
ahead of the reaction weakening it and reducing its temperature. 
For upward smoldering, transition to flaming was observed to 
occur in the char at the zone closer to the sample end and for 
air velocities of 15 mm/sec or larger. Comparison between upward 
and downward smoldering also showed that the effect of gravity 
takes place for air flow rates smaller than 3 mm/sec. 

The differences observed between the opposed and forward 
smolder measurements can be explained by the differences in each 
case between the flow direction of the oxidizer and post-combus- 
tion gases. In the former case, the cold oxidizer flows opposite 



to the smolder reaction propagation, and as the air velocity is 
increased at low flow velocities, the addition of oxidizer 
dominates the convective cooling and enhances the smolder 
reaction. At larger air velocities, however, convective cooling 
becomes dominant and the smolder velocity decreases as the air 
velocity is increased. In forward smoldering the oxidizer flows 
in the same direction as that of smolder propagation, and the hot 
post-combustion gases are convected to the virgin fuel ahead of 
the smolder front. The preheating of the virgin fuel results in 
an increase in the smolder velocity as the air flow rate is 
increased, even though the smolder temperature remains constant, 
or even decreases, due to the dilution of oxidizer by the 
post-combustion gases. Furthermore, the fresh oxidizer flows 
through the hot char, and since the char still contains a large 
amount of unburnt fuel secondary reaction may occur in the char, 
which under certain flow conditions can result in transition to 
flaming. 


II. 2 . 2. 3 Micro-gravity smoldering 

A series of smolder experiments were conducted at the NASA 
LeRC 2.2-seconds Drop Tower to observe trends in the ignition 
characteristics of the foam, and to attempt to infer how 
smoldering will behave in microgravity [10,12]. The parameter 
analyzed was the smolder reaction temperature variation with 
time, because the temperature itself, or the smolder velocity, do 
not change enough in 2.2 seconds to observe significant dif- 
ferences. The results for the temperature gradient variation with 
the flow velocity indicate that microgravity favors the 
initiation of smoldering, and that the upper range of flow veloc- 
ities at which buoyancy plays a significant role on smoldering is 
around 2mm/sec, in approximate agreement with the normal gravity 
experiment . 

A series of opposed flow smoldering experiments were also 
conducted in the KC-135 aircraft (30 secs of micro-g for up to 40 
parabolas) to observe the effects of the variation of the gravity 
on the smolder process [11]. Although the microgravity period 
was too short to study steady smoldering in micro-gravity, the 
tests provided initial information about the process and permit- 
ted the observation of smolder trends as the gravity changes. The 
tests also complement the Drop Tower tests summarized above. The 
results show that buoyancy affects both the species transport and 
transfer of heat to and from the reaction zone. At the reaction 
zone, the former is dominant, which results in a decrease of the 
smolder temperature in microgravity. Away from the reaction zone 
the latter is dominant and the temperature increases due to the 
lack, of convective cooling. All these effects are less noticeable 
as the flow velocity is increased, and as the reaction propagates 
toward the sample interior confirming that buoyancy is important 
at low flow velocities and near the sample ends. Another series 
of parabolic flight experiments have been conducted recently but 


the results have not been analyzed with enough detail to report 
then at this time. 

Finally, the information obtained from the ground experi- 
ments on the smoldering of polyurethane foam was used to design a 
small-scale experiment that was carried out in the USML-l/STS-50 
mission of the Space Shuttle Columbia in June 1992. The size of 
the fuel specimen (a cylinder 5cm in diameter and 10 cm long) 
was determined by the constrains of the Glove-box where the 
experiments were conducted. Four tests were planned, two in 
still air and another two with a low-velocity air flowing around 
the sample. Two igniter configurations were designed, one with 
the igniter on the cylinder axis and the other with the igniter 
at one end of the cylinder. 
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Forced Cocurrent Smoldering Combustion 

SUDIP S. DOSANJH, PATRICK J. PAGNI, and A. CARLOS FERNANDEZ-PELLO 

Mechanical Engineering Department , University of California, Berkeley ; CA 94720 


An analytic model of the propagation of smoldering combustion through a very porous solid fuel is presented. Here 
smoldering is initiated at the top of a long, radially insulated, uniform fuel cylinder, so that the smolder wave 
propagates downward, opposing an upward forced flow of oxidizer. Because the solid fuel and the gaseous oxidizer 
enter the reaction zone from the same direction, this configuration is referred to as cocurrent (or prem ixed- flame - 
like). It is assumed that the propagation of the smolder wave is one-dimensional and steady in a frame of reference 
moving with the wave. Buoyancy is included and shown to be negligible in the proposed application of a smoldering 
combustion experiment for use on the Space Shuttle. Radiation heat transfer is incorporated using the diffusion 
approximation and smoldering combustion is modeled by a finite rate, one-step reaction mechanism. Because the 
solid and the gas move at different velocities, both the downstream temperature, T u and the smolder velocity, v, are 
eigenvalues. The dimensionless equations are vfcry similar to those governing the propagation of a laminar premixed 
flame. A straightforward extension of the activation energy asymptotics analysis presented by Williams for premixed 
{lames yields an expression for a dimensionless eigenvalue determining T f . A global energy balance provides a 
relation for the smolder velocity, v. Predictions are compared with the experimental findings of Rogers and 
Ohlemiller and with the numerical results of Ohlemiller, Bellan, and Rogers. Key results include (1) for a given solid 
fuel, T f depends only on the initial oxygen mass flux, m *, and increases logarithmically with mj; (2) v increases 
linearly with m* and at fixed m', increasing the initial oxygen mass fraction, increases u; (3) steady smolder 
propagation is possible only for Y m > c^Tt - T,)/Q f with extinction occurring when ail of the energy released in 
the reaction zone is used to heat the incoming gas. General explicit expressions for T ( and v are presented. 


1. INTRODUCTION 

Smoldering is defined as combustion without 
flame. The primary source of heat release is the 
heterogeneous oxidation of the solid [I], This 
process occurs in several steps [2], Oxygen 
diffuses to the surface of the solid where it is 
adsorbed. A highly exothermic reaction ensues on 
the surface. After the products of combustion 
(primarily CO 2 , H 2 0, and CO) are desorbed, they 
diffuse away from the surface. Many materials can 
sustain smoldering combustion. These include 
coal, cotton, dusts, paper, polyurethane foams, 
thermal insulation materials, and wood. If the 
material is sufficiently permeable, smoldering can 
occur well within the host. A self-supporting 
exothermic reaction zone can pass through the 
substance [1]. Oxygen reaches the reaction zone 
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by convection and diffusion. However, such a 
scenario is not valid for all porous materials. Upon 
being heated, some substances decompose into a 
“liquid” tar 13], restricting the flow of air and 
consequently inhibiting the propagation of such a 
smolder wave. Smoldering combustion can be 
prevented in some materials by adding sulfur [4, 
5]. 

A schematic of the problem under consideration 
and the coordinate system used is shown in Fig. 1 . 
A porous combustible solid with density p s „ 
temperature 71, and void volume fraction <t> is 
contained in a vertical cylinder. A gaseous oxi- 
dizer with an oxygen concentration a density 
Pgi, and an inlet velocity u x flows upward through 
the solid. In the Appendix, buoyancy is shown to 
be negligible in the proposed application of a 
smoldering combustion experiment for use on the 
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Fig. t . Cocumeru smoldering combustion viewed in a frame of 
reference moving with the smolder wave. 


Space Shuttle. A planar ignition source is used to 
initiate smoldering at the top of the solid. The 
smolder wave propagates downward opposing the 
upward flow of oxidizer. Because the oxidizer and 
the fuel enter the reaction zone from the same 
direction this configuration is often referred to as 
cocurrent or premixed- flame-like. While all of the 
oxygen is consumed in the reaction zone, a 
considerable amount of solid remains [1]. The heat 
released in the reaction zone is transferred up- 
stream, by conduction and radiation, providing the 
energy required to preheat the solid. 

Some of the earliest work in the field of 
smoldering combustion was conducted by Palmer 
[6], who measured the rate of smolder spread in 
dust trains and heaps. Recently, several research- 
ers have modeled smoldering combustion propa- 
gation. Smolder spread in horizontal, cylindrical, 
cellulose [7], and polyurethane [8] fuel elements 
has been examined. Leisch et al. [9] investigated 
smoldering combustion in horizontal dust layers. 
Kinbara et al. [ 10] studied the downward spread of 
smoldering through various celiulosic materials. 
Muramatsu et al. [1 1] scrutinized the evaporation- 
pyrolysis processes inside a smoldering cigarette. 
Kansa et al. [12] considered wood pyrolysis. The 
present study is intended to complement the earlier 
work of Ohlemiller et al. [13], who developed a 
large computer code to investigate unsteady smol- 


TABLEI 


Typical Smolder Characteristics [14] 


Quantity of Interest 

Magnitude 

Smolder velocity, u 

0(0.01 cm/s) 

Initial gas velocity, u, 

0(0.1 cm/s) 

Peak temperature. 7> 

350-500'C 

Smolder wave thickness 

2-3 cm 

Inverse equivalence ratio, 

0(0.03) 

Solid mass flux, m * 

SI 

0(0.0004 g/cm : s) 

Gas mass flux, m* 

0(0.0001 g/cm : s) 

Solid mass fraction, e, 

0(0,8) 

Gas mass fraction, e, 

0(0.2) 


der propagation in flexible polyurethane foams. 
Because their method required expensive finite- 
element calculations, Ohlemiller et al. concluded 
that a primary use of their model was to study the 
initiation of smoldering combustion. 

A primary goal of this study is to use activation 
energy asymptotics to conduct a parametric inves- 
tigation of cocurrent smoldering combustion. The 
dimensionless equations are very similar to those 
governing the propagation of a laminar premixed 
flame. A straightforward extension of the pre- 
mixed flame analysis presented by Williams [2] 
yields an expression for a dimensionless eigen- 
value, A, providing a relationship between the 
initial oxygen mass flux, m ' = and the 

final temperature, T f . A global energy balance 
determines the smolder velocity, v. Both v and T, 
are highly dependent on m This is due to the 
oxygen limited nature of cocurrent smoldering 
combustion. That is, ail of the incoming oxygen is 
usually consumed and the total energy available is 
proportional to mj. Theoretical predictions are 
compared with the experimental findings of Rog- 
ers and Ohlemiller [14] and with the calculations 
of Ohlemiller et al. [13]. 

2, ANALYSIS 

2.1. Governing Equations 

Typical values of several key smolder characteris- 
tics, including the smolder velocity, u, and the 
peak temperature, T f , are given in Table I. Many 
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fuels of interest are very porous, and conse- 
quently, conduction is a relatively poor mode of 
heat transfer [13]. Thus, radiation heat transfer is 
often important despite the relatively low tempera- 
tures encountered in smoldering combustion- 
peak temperatures are usually between 350 and 
500* C [14]. Electron microscope photographs of 
two solid fuels, a GM-25 polyurethane foam and a 
packed bed of alpha-cellulose, are shown in Figs. 
2A and 2B, respectively. Both of these materials 
have been used in recent experimental investiga- 
tions [3, 7, 8, 14, 16] of smoldering combustion. 
While radiation is important in polyurethane 
foams, it is approximately negligible in tightly 
packed beds of alpha-cellulose. In the following 
analysis, radiation heat transfer is incorporated 
using a diffusion approximation. 

Smoldering is modeled as a finite rate, one-step 
reaction, 

1 g(Unbumed Solid) 4- n 0 C> 2 , 

->n a (Ash) + ^(Gaseous Products) 4- Qrt OJ (I) 

where the n values are stoichiometric coefficients 
(grams/gram of unbumed solid). Ohlemiller and 
Lucca [15] reported that such a model adequately 
described the cocurrent smoldering of cellulosic 
insulation materials. Ohlemiller et al. [13] mod- 
eled the smoldering combustion of a polyurethane 
foam by using two global reactions. However, 
since the second reaction (oxidation) was much 
faster than the first reaction (pyrolysis), their two- 
step reaction mechanism can be well approximated 
by Eq. (1). The following asymptotic analysis can 
be modified to include a nonoxidative pyrolysis 
reaction. Because the amount of energy consumed 
by pyrolysis is much smaller than the amount 
released in the reaction zone, for steady smolder, 
such a reaction will only have a small effect on the 
temperature profiles. 

Additionally, the solid phase is considered 
continuous with a constant void volume fraction. 
Cocurrent smoldering is assumed to be one- 
dimensional and steady in a frame of reference 
fixed on the smolder wave. Fick’s law is used to 
model the diffusion of oxygen and the quantity 
p g D is assumed constant. The gas and the solid are 
presumed to be in local thermal equilibrium. 


Energy transport due to concentration gradients, 
energy dissipated by viscosity, work done by body 
forces, and the kinetic energy of the gas phase 
have been ignored. 

In a frame of reference moving with the smolder 
wave, m ' = (1 - 0)p,</. Since the smolder 
velocity is usually at least an order of magnitude 
smaller than the gas phase velocity [13, 14], m m 
= 0P g u. This assumption allows m * to be treati 
as a known quantity. The conservation of mass 
requires that m * ( = m ' 4* m*) remain constant. 
Mass flux fractions are defined by 

rh" rh” 

■ (2a,2b) 

Y^m," 

7 -. ( 3 ) 


[* Y oP t u-4>P t D?£ 


(4) 


Symbols are defined in the nomenclature. Equa- 
tion^!) gives 


de M 1 d( 0 1 de, 1 de t 

dx n„ dx~(l-nj dx~ (n tx> - n 0 ) ~dx ' 


Species conservation for oxygen requires 



( 5 ) 

( 6 ) 


and integrating the conservation of energy gives 

dT 

A'CatiT- T l )-{k'«+k ni ) -- = Qm '(«„ - e 0 ). 


( 7 ) 

where Eq. (6) has been used to eliminate the 
reaction rate from Eq. (7). The effective thermal 
conductivity, k^ = 4>k t + (1 - 4>)k„ accounts 
for heat transfer due to conduction in both gas and 
solid phases. Radiation heat transfer is incorpo- 
rated usings temperature dependent conductivity 
[15, 171, k n d = 16a/ r r 3 /3. The effective heat 
capacity, = «,c, + e g c g , is taken as constant. 

The reaction rate, r " , is assumed to depend on 
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Fig. 2 A. Electron microscope photograph of a polyurethane foam. 


the oxygen mass fraction, the solid fuel present, 
and the temperature in an Arrhenius form. 


Setting T = 7>, c 0 = 0, and dT/dx = 0 in Eq. (7) 
gives 


r m =Z(Y 0 pJ°{Y^)»re- E '* T , ( 8 ) 

where a t b, and c are constants. The conservation 
of momentum, which is discussed in the Appen- 
dix, and the ideal gas equation of state, P = 
p z RT f complete the preceding set of equations. 
Because pressure variations are small [1], the 
transport equations can be solved without consid- 
ering the momentum equation. Properties of a 
polyurethane foam and an alpha-cellulose packing 
are given in Table II. 

The following boundary conditions are imposed 
on Eqs. (4)-(6); as * - - oo, Co - €oi ; as x 
+ 00 » Co 0, Y 0 -+ 0, and T -*■ T { . Two boundary 
conditions are imposed on Eq. (4). The second 
boundary condition, which requires that all of the 
incoming oxygen be consumed, will determine 7>. 


Q™* dypgj/j 

(1 — — T t ) (1 — 0 )Ph 


(9) 


After solving for T ft Eq. (9) will be used to 
determine v. 


2.2. Dimensionless Governing Equations 

A characteristic distance, x c = k tn /m w c eff , is 
chosen by balancing convection and diffusion in 
the energy equation, thus eliminating one dimen- 
sionless parameter. Typically, ~ 0.05 W/m 
K, rh m - 0.005 kg/m 2 s, and c eff - 1 kJ/kg K, 
giving x c - 0.01 m. Because the definition of x c 
does not account for radiation, x c is somewhat 
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Fig. 2B. Electron microscope photograph of alpha-cellulose. 


TABLE U 


Typical Properties of a Polyurethane Foam and a Packed Bed 
of Alpha-Cellulose 



Polyurethane* 

Alpha-Cellulose* 


0.97 

0.82 

Pu [kg/m 3 ] 

1150 

620 

c, [kJ/(kg K)] 

1.7 

0.34 

k* [W/m K] 

0.047 

0.050 

kUT) [W/m K] 

0.005 

-0 

£ [kJ/mol] 

155 (140) c 

180 

Q (kJ/kg] 

12,300 (7,600) 

12,500 

Z 

10 w mVkg s 3 

x l0 6 m ,5 /kg°- 5 K 05 s 

a 

1 

0.5 

b 

1 

1 

c 

0 

0.5 


3.7 

1.4 


* Properties given in Ref. [13] are shown in parentheses 
whenever they are different from the value listed above. 

From Refs. [7. 16]. 

f Shown in the parentheses is the activation energy for the 
first reaction in the two-step model in Ref. [13]. 


smaller than the smolder wave thickness given in 
Table L Since ail of the oxygen is consumed, the 
oxygen mass flux and the oxygen mass fraction are 
normalized by their initial values (that is. e 0 - e 0 / 
and Fo = Yq/Y^)- A dimensionless tempera- 
ture is defined by T * (T - T)/T c , where 7" is a 
characteristic temperature. Setting T c = T t makes 
Tan 0(1) quantity— see Table I. 

The dimensionless parameters governing cocur- 
rent smoldering are listed in Table III. Parameter 
ranges given in Table III were estimated from the 
properties tabulated in Table n. Note that the 
asymptotic analysis is only valid when the 
Zeldovich number, 0 = 0 f T>/( 1 + T f ) : , is large 
(0 > 10) [2], roughly corresponding to 0' > 50. 
The dimensionless radiation conductivity, V R , is 
artificially low because it is based on 7", rather than 
T f . A critical value of the dimensionless heat 
release, D c , below which solutions cease to exist, 
will be identified. 

Dividing Eqs. (4) and (6) by Eq. (7) eliminates 
the spatial coordinate, X. In terms of the new 
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Tabic III 

Dimensionless Parameters Governing Forced Cocurcent Smoldering Combustion (in Addition to the Following Parameters, a , 

b , and c Must Be Specified) 


D c = 


QY<* 

CtffT, 


Dimensionless measure of the energy released in 
the reaction zone (varies from 0 to 40) 


tfitDQY* 


Modified Lewis number (varies from 0.05 to in- 
finity) 



Dimensionless radiation conductivity (usually less 
than 0.1) 

Measures the amount of gas produced in the reac- 
tion zone (varies between 0. 1 and 1.0) 



Dimensionless activation energy (varies between 
50 and 70) 


, npZCgjk +*) 
m&EQV-MXr 


Dimensionless preexponential factor (usually lies 
between 10* and 10 ,0 ) 


coordinate, t \ the governing equations are 


the spatial coordinate, *(7*), is determined by 


r-fto-g,) di 0 

l+/V R (i + f) 3 dt 


( 10 ) 


1 + (V R ( 1 + f) 3 dt 
T-T f (l-e 0 ) ~d* 


(14) 


and 


T— 7f(l —t 0 ) 

Le f f [l+(V R (l + D 3 ] dt 

= [1 + />,(! -*,)] (11) 


The dimensionless reaction rate is given by 


u = Afo'll - ^(1 - «o)]*(r+ !)*“• 

( 0'(tf-T) ■) 

x exp i-(f7WT) j ■ 

where 

Aj3' l * a t f C 0' ) 

A= uM^ exp rTTrJ * 


( 12 ) 


(13) 


In terms of T , the boundary conditions are e 0 1 
as T — 0 (x - oo ); £ 0 — 0 and ? 0 -► 0 as T — 
T { (x -* + oo). After solving Eqs. (10) and (II), 


Equation (9) gives a relationship between a 
dimensionless smolder velocity, 0 = u/u c , and the 
dimensionless final temperature, T f = (7> - T)/ 

Tr 


A characteristic smolder velocity, v c = Qm7( 1 
- 0)pgiCeff7|, is chosen by balancing the energy 
released in the reaction zone and the energy 
required to preheat the solid, thus eliminating one 
parameter from the above equation. 


3. ACTIVATION ENERGY ASYMPTOTICS 

Typical values of the Zeldovich number, 0. 
encountered in smoldering combustion are fairly 
large. From the argument of the exponential in Eq. 
(12), the reaction rate is significant only when 1 - 
/3“* < T/Tf < 1, corresponding to the (inner) 
Region II in Fig. 1. The outer region consists of 
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the point T « T t , Region I in Fig. I, and Region 
HI in Fig. 1. 0 < t/T f < 1 - 0-‘. In the outer 
regions, the reaction rate is negligible and diffu- 
sion is balanced by convection. Because the inner 
region is very thin, diffusion dominates convec- 
tion, and consequently, the source terms in the 
governing equations are balanced by diffusion. 

In Region HI, m - 0 and Eq. (10) yields e c = 1. 
Substituting i 0 = 1 into Eq. (11) and integrating 
once gives 

f'„ = l-expj^-Le T ( 

x [l+Afed+f) 3 ] tttj . (16) 

Note that the integral in the above equation 
diverges at T - 0. Therefore, P„ - 1 as T - 0. 
A stretched variable is defined, | = 0(1 - T/T,). 
Expanding P 0 and e 0 in terms of 1/0 gives P 0 = 
(l/flfV + 0(1/0*) and e 0 = e 0 ° + 0(1/0), 
respectively. Matching conditions are: « 0 ° -» 1 as 
5 +«; e o 0 -» 0 and t 0 l -» 0 as ( -* 0. 

In the inner region, Eqs. (10)-(13) yield (to 
leading order) 



Fig. 3. The function f(b, r^) plotted versus the inverse 
equivalence ratio, r for various values of b. 

Because the oxygen consumption of a typical 
smolder wave is only a few percent of that 
required for stoichiometric burning, the inverse 
equivalence ratio, /•«,, is fairly small [13, 15]. As 
shown in Fig. 3 ,/(b, r ^ - 1/2 in the limit r„ - 
0. * 

4. GENERAL SOLUTION 
4.1. Fields 


g'o° 

l+Ar R (l + f r ) 3 d( 

-j—If.'ltl-Vl-OlV* 


and 

d? a ' 

— =u r f [i+^R(i + r f ) 3 ]. 


( 17 ) 


(18) 


Integrating Eq. (18), substituting the resulting 
expression into Eq. (17), applying the matching 
conditions, and integrating once yield 


Q 

Le* P f a [l +(V R (1 + f f ) 3 ]'*-T(l +a) ’ 

where 


(19) 


... , f t dt 

' r «' ) ~ Jo [ 1-^(1 -/)]*’ 


Because all of the incoming oxygen is consumed in 
the reaction zone, the total heat release is propor- 
tional to the initial oxygen mass flux, rrt’. Both the 
smolder velocity, v, and the final temperature. 77, 
are highly dependent on m Since T f appears in 
Eqs. (10H12), (14), varying m’ affects the 
dimensionless oxygen mass fraction, ? 0 (T), the 
dimensionless oxygen mass flux, i 0 (T), and the 
dimensionless distance, X(T). These profiles de- 
pend on Le, N R , r^, 0 ' , A, a, b, and c. Since r ^ is 
usually small, the various profiles are weakly 
dependent on and b. Results presented in this 
section are for the limit -» 0, and consequently, 
the solutions are independent of both and b. 

When < 0 is plotted as a function of normalized 
temperature, T/Tf, the resulting curves depend on 
only two parameters, the Zeldovich number 0 = 
0'77/(l + T ,) 2 and the constant a. As evidenced 
by Fig. 4, the incoming oxygen is consumed in a 
narrower region as 0 is increased. Also plotted in 
Fig. 4 is P„ versus T/Tf, parameterized in Le. for 
(V R = 0.1, A = 10 10 , a = 1, and c = 0. The 


( 20 ) 
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> * 
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*;• 
yj . 
J X 

S3 



Fig* 4. Dimensionless oxygen mass fraction, ? 9 * YJY w * 
versus normalized temperature, T/Tu with jV* * 0.1, = 

60, A = 10 l0 , a * 1, c » 0, and r«, = 0. Also plotted is the 
dimensionless oxygen mass flux. < 0 = *• versus T/T ft for a 

- I and = 0. The dimensionless parameters are defined in 
Table H. 


modified Lewis number, Le, measures the thermal 
thickness relative to oxygen diffusion thickness. 
The preceding analysis is valid when the diffusion 
thickness is much larger than the thickness of the 
reaction zone, roughly corresponding to Le < 0. 
When Le - 0, the dimensionless oxygen mass 
fraction is 0(1) in the reaction zone and smolder- 
ing is kinetically controlled [18]. For polyure- 
thane, with u t = 0.2 cm/s and P t = 1 atm, the 
criterion for diffusion controlled smoldering is Y<* 


> 0.02. For a packed bed of alpha-cellulose, the 
criterion is Y& > 0.01. 

After ascertaining the dependence of i Q on T f 
Eq. (14) can be used to determine T as a function 
of dimensionless distance, Typical temperature 
profiles, parameterized in Nr and 0\ for A ® 
10 9 , a = 1, and c = 0, are shown in Fig. 5. 
Raising the dimensionless radiation conductivity, 
N r , decreases the final temperature and increases 
the thermal thickness of smolder zone. On the 
other hand, increasing 0 leads to greater final 
temperatures. Note that e 0 (j?) and Y(x) can be 
constructed by combining Figs. 4 and 5. Results 
from such a calculation are shown in Fig. 6. 


4.2. Final Temperature and Smolder Velocity 

A key result of this analysis is T f (N R , 0 ' , A, a, c). 
In the limit 0, Eqs. (19) and (20) give 

A[1 +N r (1 + 7*f) 3 J ,+tf (l + f f ) tf + c * 2 

x e -0'/(i + r f > = I . (2i> 

2 

A plot of Tf = ( Tf - T)/T x versus A, parameter- 
ized in the dimensionless activation energy, 0\ 
and the dimensionless radiation conductivity, N R , 
for a = 1 and c = 0, is shown in Fig. 7. As the 



Fig. 5. Dimensionless temperature, T * (T - T)/T t , versus dimensionless distance, X = 
xm* c cff /& cff , with A = 10 lft , a * 1, c » 0, and r * 0- 
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DIMENStONLESt DISTANCE. I * s m~ 


Fig. 6. Dimensionless variables. ? 0 . and f . and the dimensionless reaction rate, u. versus 

dimensionless distance, j?. with 3' = 60, A = I0‘°, Le = 0.5, = 0.1, = 0, a = I, and 

c - 0. 



D1MENUONLEM 
PftS-EXPONENTtAL. X i ir 1 * 

Fig. 7. Dimensionless final temperature, T f * (7> - 7^/7] 1, 
versus the dimensionless prcexpooermai factor. A, with tf * 1, 
c * 0, and * 0. 

reaction rate is increased, by either raising the 
preexponential. A, or lowering the activation 
energy, 0 ' , T f decreases and the smolder velocity, 
u, which is inversely proportional to Tf, increases. 
That is, the material bums faster when the reaction 
rate is higher. 

For a given fuel, T f decreases logarithmically 
with A. Therefore, 7> increases logarithmically 
with the initial oxygen mass flux, m ', as shown in 
Fig. 8. Also indicated are measurements by 
Rogers and Ohlemiller [14] and calculations by 



i 

S 200 ~ 


I 100 - 

°ai 04 04 0.4 0.5 10 

OXYGEN MASS FLUX. nT« (1<T* ft/cm 2 •) 

Fig. 8. Downstream temperatures in polyurethane predicted 
by the present analytic model, for the properties listed in Table 
I (— ) and those given by Ohlemiller et al ( — ). measured by 
Rogers and Ohlemiller, and calculated by Ohlemiller et al. 
(O). Measurements are for the following conditions: u, * 
0.04 cm/s. r. * 0.23 ( + ), and Y„ = 0.44 (* >; u, - 0.15 
cm/s. 7* * 0.44 ( x ). Also shown in the figure are predictions 
for cellulose (-). 

Ohlemiller etal. [13] for polyurethane. Ohlemiller 
et al. attributed the discrepancy between their 
predictions and experiments to uncertainty in the 
base parameter set (see Table ID- When their 
parameters are used in this model, as shown by the 
dot-dash line in Fig. 8. predicted values of 7) are 
close to those calculated by Ohlemiller et al. 
Results from this study indicate that the parame- 
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ters in Table II are a better choice, for they give 
much closer agreement between predictions (solid 
line) and measurements. The dashed line in Fig. 8 
gives the final temperature for alpha-cellulose. 

As shown in Eq. (15), the dimensionless smol- 
der velocity depends only on D c and T f . The 
dimensionless parameter, D Cf which measures the 
total energy released in the reaction zone relative 
to the amount of energy required to raise the 
temperature of the gas from T x to 7}, contains the 
experimentally observed dependence of v on Y&. 
For a given fuel and a fixed initial oxygen mass 
flux, m increasing Y* raises D c , leading to 
higher smolder velocities. This dependence of v on 
D q is fairly weak except near extinction. For Y « 
near 0.23, D c is on the order of 10 and therefore, 
as a first approximation, 0 — l/Tf, Because Tf 
varies slowly with m v is approximately propor- 
tional to m' (recall that v c - m '). Figure 9 
illustrates the dependence of 0 on A for polyure- 
thane. Overall, there is good agreement between 
the smolder velocities predicted by this model and 
those measured by Rogers and Ohlemiller [14]. 

Extinction occurs when v = 0, corresponding to 
Tf = D c . That is, extinction occurs when all of the 
energy released is used to heat the incoming gas. 
Steady smoldering combustion is possible only 
when Y^ > c^Tf - T)/Q. For polyurethane, 
with u x = 0.2 cm/s and P M = 1 atm, this criterion 
requires that Y* £ 0.05. Note that the presence of 
heat losses from the sides of the cylinder will raise 
this critical value of Y<*. 

5. CONCLUSIONS 

An analytical model of cocurrent (prcmixed- 
flame-like) smoldering combustion has been de- 
veloped. Smoldering was assumed to be one- 
dimensional and steady in a frame of reference 
fixed on the smolder front. Radiation heat transfer 
was incorporated using a diffusion approximation 
and smoldering was modeled using a one-step 
reaction mechanism. 

Key results include (1) for a given fuel, the final 
temperature depends only on the initial oxygen 
mass flux, m*, increasing logarithmically with 
mj; (2) the smolder velocity, v, is linearly 
dependent on m* and at fixed m increases with 



Fig. 9. Dimensionless smolder velocity, v + l /D c . versus the 
dimensionless preexponentiai. A, for polyurethane. Smolder 
velocities predicted by the present analytic model (— ). mea- 
sured by Rogers and Ohlemiller (A), and calculated by 
Ohlemiller et al. ( + ) are shown. 


initial oxygen mass fraction, Y w \ and (3) steady 
smolder propagation is possible only for Y m > 
CtfiTf - 7j)/Q, with extinction occurring when 
all of the energy released in the reaction zone is 
used to heat the incoming gas. 

The preceding analysis can be modified to allow 
for several second-order effects. Heat losses from 
the sides of the cylinder will affect the extinction 
criterion, increasing the critical value of Y 0i below 
which steady solutions cease to exist. When 
properties are allowed to vary, the equations 
determining v and T f will still be valid, with the 
properties appearing in these equations evaluated 
at T f [2] . As discussed earlier, a nonoxidative 
pyrolysis reaction can also be included in the 
analysis. However, for steady smolder, the pres- 
ence of such a reaction will only have a small 
effect on the temperature profiles. 

APPENDIX: INFLUENCE OF BUOYANCY 

Because the temperature field and hence the 
buoyancy varies as the smolder wave spreads, w, 
may not be known a priori. The quasi-steady 
conservation of momentum for this system is 

dP 

<t> — = -pa d u + <f>(Pgi-P|)g- (22) 
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Integrating Eq. (22) yields 

h r a 

pa^u dx = 4> A P + <t> \ g(pp~Pt) < ^ Xf 

h-L Jl, - L 

(23) 

where A is the length of Region I in Fig. 1, 1 is the 
total length of Regions I-m, and AP — P, — Pf is 
the pressure drop across the solid, excluding 
changes in hydrostatic pressure. While the flow 
resistance, a d , is lower in the char layer, the gas 
velocity, u, is higher. Therefore, it is assumed that 
the quantity a a u remains approximately constant at 
a^u,. A step change in p g from Pp to p# occurs at x 
= 0. The initial velocity is then approximated as 

<t> A P *f (24) 

U ' pa^L pa^L(\ + T f ) 

Buoyancy can be neglected when gpph/ A P < (L- 
+ T f )/T ( . At STP, p t - 1 kg/m 3 and Tf - 1, so 
that at sea level, with g = 9.8 m/s 2 , A P/h > 5 
Pa/m suffices while in orbit; with g — 10 3 m/s 2 , 

A p/h > 5 x 10" 4 Pa/m will suffice. On the 
other hand, for polyurethane, buoyancy is negligi- 
ble if the forced u, > 4 x 10" 4 m/s at sea level 
and if u, > 4 x 10" * m/s in orbit. When A P/ 
gp v h < f f /(l + T { ), u, - gp v . Since the smolder 
velocity is proportional to the oxygen mass flux, u 
- Y mP pU x - Y a gp 2 p . This result agrees with the 
experimental finding [16] that u is proportional to 
P\ for buoyancy driven systems. 

This work was supported by the National 
Aeronautics and Space Administration Lewis 
Research Center under Grant No. NAG-3-443. 

nomenclature 

a d Darcy coefficient 

c heat capacity 

c eff effective heat capacity, 6 s c s + e g c % 

D mass diffusivity of oxygen in air 
D c dimensionless energy release per mass of 
O,, Q YJ Ceff7*i 

g gravitational acceleration 

h distance over which buoyancy acts 

k c ff conductivity due to conduction, <t>k % + (1 - 
<t>)k , 


conductivity due to radiation, l6o , / r 7' 3 /3 
l r radiation path length 

L height of the solid fuel 

Le modified Lewis number (see Table HD 
m * mass flux 

Nr dimensionless radiation conductivity , (see 
Table HD 

n stoichiometric coefficients 

P pressure 

P f dimensionless gas production parameter (see 
Table HD 

Q energy released per mass of O 2 consumed 
r m reaction rate 

inverse equivalence ratio, €<*/ n 0 e ^ 

T temperature 

u mass averaged velocity of the gas phase 

v smolder velocity 

Y mass fraction 

x spatial coordinate 

Z preexponential factor in the reaction rate 

0 Zeldovich number, E (T f - 7*)/ R T) 

0' dimensionless activation energy, E/RT % 

A dimensionless eigenvalue 

A dimensionless preexponential (see Table HD 

€ mass flux fraction 

H dynamic viscosity 

£ stretched coordinate, 0(1 - T/T f ) 

p density 

a Stephan*- Boltzmann constant 

void volume/total volume 

Subscripts 
a ash 

c characteristic 

f final value (x = + 00 ) 

g gas phase 

gp gaseous products 

i initial value (x = - <») 
o oxygen 
s solid phase 
us unbumed solid 
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ABSTRACT NOMENCLATURE 

A nodel of smoldering combustion propagation Darcy coefficient 

through vary porous solid fuals is presented. Bara c hast capacity 

smoldering is initiated at the bottoa of a long, D c0 diaensionlass energy release, 0Y o |/c s T| 

radially infinite fuel bed, so that the smolder wave D cp diaensionlass pyrolysis energy, Q p /c 3 Tj 

propagates upwards, in the same direction as the forced h ash height 

flow of oxidizer. Because the solid fuel and the k thermal conductivity 

gaseous oxidizer enter the reaction zone from opposite ^eff conductivity due to conduction, dk.*(l-d)k s 

directions, this configuration is referred to as k ra< j conductivity due to radiation, 16el r Tp/3 

countercurrent, dif fusion-flame-like or reverse. The l ratio of thermal conductivities, kg/k e ff 

proposed application is an experiment for use on the & r radiation heat length 

Space Shuttle. Due to the microgravity environment, it L distance betveen the oxidation zone and the 

is assumed that the propagation of the smolder wave Is pyrolysis front 

one-dimensional. Radiation heat transfer is Le modified Levis number 

incorporated using a diffusion approximation and a* mass flux 

smoldering is represented utilizing a tvo-step Mj molecular veight of species 1 

mechanism consisting of a pyrolysis reaction followed Nr dimensionless radiation conductivity, 

by a char oxidation reaction. An infinite reaction 16e£ r T J/3k e f f 

rate approximation is used to model the oxidation P pressure 

reaction zone and it is assumed pyrolysis occurs at a 0 energy released per mass of 03 consumed 

known temperature, T p . Because the two reaction fronts Qg dimensionless external heat flux, q e /QY oi mgi 

move mt different velocities, countercurrent smolder Qp energy consumed per gram of unburnt solid 

propagation is unsteady. Two cases are considered: Or dimensionless radiation losses, ctfT^/QY 0 jmg^ 

(l) no ash residue; and (2) an ash layer building below s a dimensionless stoichiometric coefficient, 

the smolder wave. The residual ash serves as v a M a /v us^us 

insulation and its presence leads to higher peak S c dimensionless stoichiometric coefficient, 

temperatures. Explicit expressions are derived for the ^c M c /,yi us M us 

char oxidation velocity, v, the maximum temperature, T temperature 

T a , and the pyrolysis front velocity, v p . Key results u mass averaged velocity of the gas phase 

Include: (1) in the absence of radial neat losses, v p v smolder velocity 

approaches a constant value which is different from v; V dimensionless smolder velocity, '\ J sH u3 Y 0i C 3 /v 0 H 0 Cg 

(2A) for the no residual aah came, in limit of long x spatial coordinate 

time (t -*•), Tg is determined by balancing the energy T mass fraction 

released In the oxidation region with the energy c emissivlty 

required to preheat the gas and the energy lost as v stoichiometric coefficient 

radiation; (2B) when an ash layer builds below the p density 

smolder wave, radiation losses are negligible In the a Stephan-Boltzmann constant 

limit t+», and T a is higher than in the no ash case; x ratio of gas to solid response times, 

and (3) self-sustained countercurrent smoldering p gi c g / ^ 1 *^)Psi c s 

combustion is not possible when the energy convected by 4 void volume / total volume 

the gas phase is insufficient to drive the pyrolysis 

front. 
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REGION I: UNBURNT SOLID 


a g>* phase 
ip gaseous products 
1 initial value (*— *> 

0 oxygen 
s solid phase 
us unburnt solid 

1. introduction 

WW» <**■» *•“£} 

f lane, can occur **"* [5-71, polyurethane foams 

U. 21 . cotton 1 3.* ^rinsulition Jut.ri.l. HU «* 
18], wood H.10J* * If the h01t saterial is 
various dusts ]12,13|. st if_ S upporting exothermic 
sufficiently P«*“*“* ’ trough the substance U*l- 

reaction e *" P * t ion rone by convection and 

Oxygen reaches the ul , decompose into a 

diffusion. However, restricting the 

"liquid" tar U* ,t!i “he propagation of a saolder 

tlov of * nd inhibit g ,j er4n - co abustion can 
vav« through the e M a ls by adding sulfur (15). 

be prevented in s f\ Mt n e r ^„ s under consideration are 
Scheeatics of he probleas unde^^ vlth 

s-sS “u - 

^ volume^ fraction* «. jj - «“ 

fractions begin with densities, £1^ g », .re 

respectively. At ** ’ e T . smoldering is initiated 

at a uniform temperature, t. # pplying an external 

at the bottom o the mater w , ve propagates 

heat flux, q«» fo * ° direction as the forced flow of 
upwards, ln * h * ’ o{ reference aovlng with the 

oxidirer. In a an( j the oxidiser enter the 

smolder xone, the ftnoo -i te directions, 
reaction re * i0 " < r " J? ffura tion is referred to as 
Consequently, this {f usion .fia»e-lite. It i» * ls0 

called forward ~ 

the oxldlxer flow direction. 
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lc of countercurrent soldering 
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| Vp PYROLYSIS FRONT 

REGION II: CHAR 

| CHAR OXIDATION FRONT 

REGION III: RESIDUAL ASH 


REGION IV: AIR 


I 


u, (AIR FLOW VELOCITY) 


sir in- Schematic of countercurrant smoldaring for 
C«s. Il i.n -h“Iy.r building below the smolder wave). 

Relatively little attention has been given to 

conducted an • xp *'jg n aa V gu** Interrelated study, 
callulosic insulation as a tual^ ^ 0M _ 4lMn , lon ,l 

rrA«-r>5=« 

propag.t^n^thlnth^ont^^ad 

the packed bed utilising^ ■* ta «B #ra tures were used 

aodel. ■ Different gas “r.UcUs, two form. 

and concentrations of eight ch * -1 ** 

of water (surface •"* * n *gg aa i ty ^f these solutions, 

s-ffsftjr »"AsfSx - r — *— » 

**• tssi 

sssa scar. 

oxidation reaction tone and it is aJ« u »*dpyro y« 
occurs at a known temperature, T.. Because the 
reaction fronts move at different v * loclt |**’ 
countercurrent smolder propagation is unsteady. ”° 
cases are considered: no ash residue (*** ' 

v a H a -0, and an ash layer building below the »molde 
wave (see Pig. IB), v a H a PO. The residual ash sarves as 
insulation, leading to higher peak TJ* 

range of validity of the solutions Is * d *"| 1 *J** # *?; 
explicit expressions are derived, in the lialt of lo g 
tine, for the char oxidation velocity, v, the pyrolysis 
fmnr v.loeitv. v„. and the aaxlmum temperature, T a . 
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2. ANALYSIS 
2.1 Assumptions 

The scenario depicted in Pig. 1 is not a realistic 
representation of the countercurrent saoldering 
coabustion of all solid fuels. For some solids will 
collapse dovnvards as the smolder vave propagates. In 
this study, it is assumed that the solid reaains 
stationary in a frame of reference fixed in the 
laboratory. If the fuel consists of stall, loosely 
packed, solid particles, this assumption is only valid 
In a aicrogravlty environment, Saoldering coabustion 
Is represented by a tvo-step reaction mechanise. 

MysCUnburnt Solid) ♦ Qp^ s H us *v c Char 

+ Vgp 1 (Gas Products) <d 

and 

v c Char ♦ \> 0 02<Gas Products) «► \>,Ash ♦ Qv 0 H 0 (2) 

where Q p is the energy required to pyrolyse one graa of 
unburnt solid and Q is the energy released per graa of 
O 2 consumed. Char oxidation is modeled using an 
infinite reaction rate approxiaatlon. It is assuaed 
that the pyrolysis reaction occurs at a known 
temperature, T p . This is a reasonable approximation 
for many solids of interest (19-21). Por alpha- 
cellulose, T p -300°C (19). Alternatively, pyrolysis can 
be modeled using Arrhenius-type kinetics (17,18,20). 
Such an approach leads to numerical calculations and 
requires the specification of kinetic constants whose 
values are sometimes ambiguous (19). 

The char oxidation zone moves at a constant speed, 
v, which is determined by the rate at which oxygen 
reaches the reaction region, while the pyrolysis front 
moves at a velocity, v p , which is several times larger 
than v. Because the pyrolysis reaction is endothermic 
(14), motion of the pyrolysis front is highly dependent 
on heat transfer from the oxidation zone, where the 
energy required to sustain saoldering is released. 
Energy is transferred to the pyrolysis zone by 
conduction, radiation and gas phase convection. 

Typical values of several smolder characteristics, 
including the maximum temperature, T mJ the oxidation 
velocity, v, and the pyrolysis speed, v 0 , are given in 
Table I. p 


TABLE I 

Order of magnitude estimates for several smolder 
characteristics . 


Quantity of Interest 

Magnitude* 

forced gas velocity, u^ 

(1-5) X 10" 1 ./sec 

oxidation velocity, v 

(1-3) X l<r 5 m/sec 

pyrolysis front velocity, v p 

(5-15) X IO - 5 ■/*•« 

maximum temperature, T a 

800-900 °K 

a. Measurements by OHlemiller and 

Lucca [16]. 


Because the solid fuel and the gaseous oxidizer 
enter the oxidation zone from opposite directions, all 
of the char is consumed in accordance with Eq.<2) 
before the oxidation zone moves forward. Therefore, 
the oxidation velocity, v, is proportional the the 
Initial oxgen mass flux, with the proportionality 
constant determined by stoichiometric considerations 
(14,16). Because v is several orders of magnitude 
smaller than the gas velocity, u±, the oxygen mass flux 
(in a frame of reference moving with the oxidation 
zone) is approximately, Y 0 i* p gi u i U6J* Thus, 


V us M us Y ol p gi u i 


v H 
O 0 




’si 


( 3 ) 


kg/a 


and 


Typically, Y 0 j-O.23, uj-0,005 m/s, pg A -l 
(l-d)p.j-40 kg/m^, resulting in oxidation velocities on 
the order of 10~* m/s. Por the same conditions, 
smolder velocities encountered In cocurrent smoldering 
are more than 50 tines larger (16). In a frame of 
reference moving with the oxidation zone, the gas phase 
mass flux, n£, is an order of magnitude larger than the 
solid phase mass flux, ml. Setting Y p j-0.23 and 
representing oxidation with the reaction, C+O 2 , Eq. (3) 
yields njj/ag'-O.OB. Neglecting terms involving aj 
considerably simplifies the governing equations. Also, 
since the solid density based on total volume, 

(1-4) p 9 i, is much greater than dpg$, the energy stored 
in the gas phase is negligible when compared with that 
stored in the solid phase (8,17). 

Additionally, the solid phase is assuaed continuous 
with a constant void volume fraction. The propagation 
of the smolder vave is approximately one-dimensional. 
Fick's Lav is used to model the diffusion of oxygen. 
Radiation heat transfer is incorporated utilizing the 
diffusion limit. The gas and the solid are presumed to 
be in local thermal equilibrium. Energy transport due 
to concentration gradients, energy dissipated by 
viscosity, vork done by body forces and the kinetic 
energy of the gas phase have been Ignored. The 
quantity, pgD, is taken to be constant. This is a 
reasonable assumption because the mass diffusivity of 
oxygen in the air, D, increases with temperature and 
decreases with pressure (22). It is also assumed that 
properties, such as the gas phase thermal conductivity, 
kg, the solid phase thermal conductivity, k,, the gas 
specific heat, Cg, and the solid specific heat, c,, 
remain constant. 


2.2 CASE I: NO RESIDUAL ASH 


2.2.1 Governing Equations 

After the initiation of smoldering, the coordinate 
system moves with the char oxidation region. Por x>0 
(Regions I and II in Fig. 1A), the conservation of 
energy requires 

<i-4)p s c s ♦ « g c g Jj - | x [k eff ♦ k r#d ) |j.<4) 

where the effective thermal conductivity, k^ff^dkg ♦ 
(l-d)k s , accounts for heat transfer due to conduction 
in both phases. Radiation heat transfer is 
Incorporated using the temperature dependent 
conductivity, k ra<J .16«rf r T 3 /3, where r is the radiation 
path length. For x<0 (Region III in Pig. 1A), 


3T 

Vg at * 


* 3T . 3 2 T 

«'« * • k « 5 ? • 


Since all of the oxygen is consumed, Y o -0 for x>0. 
x<0, conservation of species for oxygen yields 


!L> 

at 


* ** 

m 0 

■« ar 


3 2 Y 


p D 


g at g ax -g" ax „ 

Conservation of gas mass gives 


(5) 
Por 

( 6 ) 


U ♦ (d-l)B(x) | |f ♦ 


3x 


. 0 


<7> 


where H(x) is the Heaviside function, which vanishes 
for x<0 and is equal to 1 for x>0. Noting that all of 
the Incoming solid is consumed in the oxidation zone, 
Eq. (1) yields 
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(1Z) 


11 


H(L-x)]P sl |£o r x>0 (8) 

v u» US 


* \ 0 , for X<0 n amount for 

Secause the P tM5U ”f,^" 1 4 the ideal g« l*v * iv “ 

saTdKMsr'i* * 01 

*srwi-w *-&» s4r««r 

Eqs • (*-7>‘ ** continuous pcros* both 

dT/dx-O. The temperature » l§ , ppr0 xlnately 
interfaces. BtC * U !! t ’*^ t !ri»ces. It is »s 9UB ^ th ‘ 
continuous across the temperature of the x-0 

smoldering beg * critical value, Tf g >T p >Tj. 
interface reaches ^ £o ‘ g Ti J is needed 

Hovever, only •" *P p * independent of the lni |J i * 1 Q 

2S &S-5. - — •' 

intarface gives 


[k eIt ♦ ^3 • t r T i 1 ax x .o* * *« >x 'x-0 


,3, W 


k_£ 


♦ c e(ti-T 4 t ) * Qp g D 35T 


3Y. 


“<V T ig ) 

x»Q~ 


* at 


- aT 

,g 7x 


a z T 

7? 


Since all*©! the oxygen is consumed, F ° f 

US! conservation of species for oxygen yields 




- 5 , i IL> 

T p g ,* + * ai ** 

Conservation of gas mass requires 

- *•« S "g n 

t( l-(l-d)H(x) 1 -=» ♦ 7* * 0 • 

' at Jx 

Equation (8) yields 

for x>0 


- a i * S . J u * h d*t) 3 J ” * 

p« — * m g - r ax 

* ** • 3x *x 


at 

and for x<0» 


l 


(l-s c ) H (1-*) 


(13) 


(14) 


(15) 


(9) 

. q e H(t e -t) . 

v.o Thus, the maximum 
rherm T m is the temperature^ t he energy 

temperature, T., is d* te ® conduction and radiation, 
transported ^stre.m^ by conduct «o „ heet 

and the energy c ® n * u ®‘*? r£ £ B , th e energy released in 
losses from the x-0 rnal he .t flux. Motion 

the oxidation rone *" , calculated by equating the 

of the Py - 3 i: S b ” p o S 1 nd the net energy 

rsssr?& r : V — “ >1 "' 

■*.« • r f|| . - g| 1 no) 

v ■ ' (l-d)p .U |3*l x «i, + x»Lj 

where v -dU/dt*v ^ Ji*th*"hl tUperature the 

T(x.0)»Ti and Y 0 (x t O) * 0 ! 

IniilitaS, Y o (0,t)-0. 

2.2.2 n<,«nsionless by T-(T- 

A dimensionless P T £ order one and 

T<)/T c . Setting T c' T i “ ak * s ^ whlch .rises from the 
eliminates the P^’^^Sg equations. The oxygen 
nonlinear terms in the gover g h ,„ d the gas 
mass fraction, Y 0 , ****J liJBd initial values, 

mass flux, »g» ar * u are chosan by 

A characteristic distance, x^ff^i g^^ ^/, 

balancing terms in &»• (*' V p i jj/kg It, and 

9irl -l kg/« 3 . (i-d)Psl- 40 t c -80 sec. Thus, 

k g l*-0.05 W/a K, giving x c' 0 - 01 * f th ® , tM order as 

the «tio, x c /tc"0-01| c "^ s *® ’ b a* expected* because v is 
v- (see Table I). This considerations and both x c 

determined by heat “ans c energy equation 

and t q were chosen to make ter» 

° f %„$!' conservation of energy require. 

(ID 


- V0» for x<0 

Sxrurj:,r*” 
«« »■«> •« *" 4 ■*" 

b * < °Sr?.n».n. S‘3 Vxi’St. 

Egs._(ll-1 4 ) ; SS x • I n d°th« K*3 flux * r€ 

energy U «cross the x-0 interface give. 


~ f 3T 

u * N R ( 1 *V 3 1 2 - mQ . ■ - ;. 0 - 


CO 

V“.V*- 11 • n ^|;.o- ,< W 

- 0j H( t B *t) . <16> 

motion of this front is determined by 
v - ^ ♦ V 

P dt 


■ £ b - 5b-l 

Initlally»_J(x f O)-0 and T o (x,0)-l* After 

“•arsiSKSi 

. i .n/l rvnle*! values 01 tnCSC 


(17) 


The dlmensionles parameters 

preceding equations and typical *»}“« in r ef s . 

parameters, estimated from Ptopertla. pro T , 

18.16,23-251, are given response time to 

represents the ratio of the g P Always less than 

KTSrs. x u 


small* 


TABLE II 


Dimansionless P ara “* t€ ” trombus tion?^ In addition to 
countercurrent smoldering * volume fraction, 6, 

the following parameters, the te-per#tur#> 

the irradiation time, t., t gn ■„«, be 

f ifft and the pyrolysis temperature, T p , 

specified. 
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Parameter 


5121 
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cp 


Le 


s T i 


ef £ 
k ef£ 


im A 


3 k 


eff 


q e 

QY oi"gi 


t«T 


QT 


TT- 


V . 


ol gi 

J±JL 

' v us M us 

v H 

c c 

' v H 

us US 

V M Y .c 
us us ol s 

v H c 

o o g 


T . ’ gi -V- 

T (l-5)p".c 


si s 


Physical Meaning 
Dimensionless aeasure of the 
heat released per mass of 
oxygen consumed (varies. from 
0 to 20) 

Dimensionless measure of Che 
energy consumed by pyrolysis 
(varies from 0.25 to 1) 

Dimensionless thermal thick- 
ness in Region III (varies 
from 0.5 and 0.7) 

Modified Levis number (usually 
lies between 1.9 and 3.0) 

Dimensionless radiation con- 
ductivity (less than 0.1) 


External heat flux measured 
relative to the total energy 
released in the reaction zone 

Dimensionless aeasure of the 
energy radiated to the 
surroundings (varies from 
0.005 to infinity) 

Stoichiometric coefficient 


Stoichiometric coeffient 
(varies between 0.3 and 0.4) 

Dimensionless char oxidation 
velocity (varies from 0 to 1) 

Gas phase response time 
divided by the solid phase 
response time (less than 0.04) 


2.2.3 Quasi-Steady Equations 

Terms in Eqs. (12-14) involving time derivatives 
can be neglected because t is always less than 0.04. 
Tiis result is in agreement with the findings of 
Ohleailler and others (8,14,17], who reported that the 
gas phase can be considered quasi-steady in many 
smoldering combustion applications. Setting x equal tc 
sero in Eq. (14), Integrating once, and combining with 

Iq. (ID, 


- 2T 2T 8 f . M w 

o-r + -r--r(l + N (1«T) ] -r 


(18) 


* 8t 9x 8x * 8x 

Equation (12) yields an explicit expressions for the 
temperature in Region III in fig. 1A (x<0), 


T - T p t X/t . 

After smoldering is initiated, Eq. (13) gives 


Y *■ 
o 


1 - e 


Le x 


(19) 


( 20 ) 


Combining Eqs. (16,19,20), 

[1 


N„(WT ) 3 | ” 
R " 3x 


x«0* 


■ % * VeoK^V *- 11 


- D co H( VV.- °co Q E H( V° ' (21) 

Equation (21) determines T. while v p is given by Eq. 
(17). 

2.3 CASE II: ASH LAYER BUILDING BELOV SMOLDER VAVB 

After the initiation of smoldering, the coordinate 
system moves with the char oxidation zone. As the 
oxidation front propagates upward, an ash layer of 
height, h(t)-vt, builds below the smolder wave - see 
Fig. IB. Because the governing equations for Case II 
are very similar to those for Case I, only 
dimensionless equations are presented in this section. 
Relevant dimensionless variables are defined in the 
preceding section and the dimensionless parameters 
appearing in the following equations are listed in 
Table II. As discussed previously, the gas phase 
response time is much smaller than the solid phase 
response time (that is, x«l). Consequently, the 
temperature in Region IV in Fig. IB, the oxygen 
concentration, and the gas phase mass flux profiles are 
steady. Conservation of energy in Regions I through 
III in Fig. IB again gives Eq. (18), while in Region IV 

T - T h e* /4 . <«> 

The temperature at x«-h f Tj,(t), will be determined by 
applying the conservation of energy at the x— h 
interface. After smolder initiation, conservation of 
species for oxygen yields 


(0 


Y - 

O 


for x>0 


1 - e 


xLe 


for -h < x < 0 


(23) 


^ _ e hLe/d € (h+x)Le 


p * 
$ 


for x < -h 

Equations (1,2) determine the solid density, 

a - (1-0 H (L-X) , for x>0 

c 

, for -h<x<0 (24) 

lO , for x<-h 

The following boundary_condi tionj are iaposed on 
Eq. 18: as T-*0; as x-^», dT/dx-»0. The 

temperature is continuous across all of the interfaces. 
Before smolder initiation, conservation of energy 
across the x-0 interface requires 


[1 ♦ N-(1.T ) 3 | ” . - T 

R “ Jx x-0* 


- °E D co H <V‘> 


V«. - 11 


(25) 


After initiation, conditions at x--h and x*0 are 


[1 . n r <i-v 3 i 4 

3x 


x-0* 


- \ * Ve. 


- °E D co H( V° • < 26 > 


and 

tl . N_(l+T ) 3 ] El. - ” . 1 ■ 0 , (27) 

R " Ux|x.O- 3x x-0*J c0 
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respectively. Equations (26,27) determine T h and T g . 
Notion of the pyrolysis front is still governed by Eq. 
(17). Consideration of an ash layer introduces one 
additional parameter, s a . 

3. SOLUTIONS 

3.1 CASE It NO RESIDU AL ASH . . 

Techniques for solving pmrtUl differential 
equations vith moving interfaces have been developed 
within the context of freezing and thawing in cold 
climate* ( 261 and the charring of solid* during a tire 
[191. The time-explicit finite difference scheme 
presented by Lundarini [261 i* utilised to solve Eqs. 
(17,18,21). Temperature profiles after the onset of 
smoldering for typical value* of the dimensionless 
parameter* arg shown in Pig* 2* The maximum _ 
temperature, T», reaches a steady value before t-2.5. 

A plot of VO/T.O) la given in Pig. 3 for two 
case*! (1) the external heat flux is turned off at 
7.7 .1.0 (solid line); ( 2 ) the heat flux is turned off 
immediately after smolder initiation (dashed line). 
Radiation and conduction heat transfer from the 
oxidation sone to the pyrolysis front becomes small 
when the dimensionless distance between the two 
reaction region* i* large - that is, when 
Neglecting terms on the left hand side of »q. (21), as 

°R D co l(U V* - *1 * \ * °co _ <28> 

Because 0 rD. o is usually greater than 0.15 and T,-2, 
the first term on the left hand side of the above 
equation is an order of magnitude larger than the 
second and consequently, T, 3 *)' 1 -1. or in dimensional 

fora, T =(0i o 'i/c*) I/4 . Thus, as a first approbation, 
the peak teaperature is deterained by balancing the 
heat released in the reaction rone and radiation heat 
losses froa the x-0 interface. Typically, 0-12.3 U/ga 
of 0 2 , T ol -0.23, a^i-0.006 kg/a 2 s and c-0.9, giving 
t -490°C. Because a small portion of the energy 
released is used to preheat the incoming gas, the peak 
teaperature will be slightly lover than this value. 



DIMENSIONLESS DISTANCE,! * X m^c,/*** 

PIC. 2; Dimensionless temperature, T, versus 
dimensionless distance, x, at various ^ tt,s ** 
diaensionltss tiae, t, for Casa I. with D co- 12,0 ' 
D.--0.3, 1-0.7, Nr-0, Qg-1.0, Qr-0.021, s c "°- 3 ’ V-0.2, 
t,-1.0, Tp-1.0 and T lg -1.0. 



PIC. 3: Normalised aaxlaua teaperature, 

T (t)/f.(*)> versus diaenalonlasa tiae, t, for tvo _ 
cases: "(1) the external heet flux turned off at t-t.-l 
(_); (2) the external haat flux turned off immediate y 

after smolder initiation (--)• i _ v * th „ D S0. 12 ’ °cp" 0 - 3 ' 
t-0.7, N r -0, 0,-1. Qr-0.02, s c -0.3, V-0.2, and 

Tp-fi g -l. 

A plot of T_ versus 0 rD c(? for various values of D co 
is shovn in Pig. *- Smoldering vill only occur vhen 
f (-1) < T < T. l «■»» where * crit 

teaperature above the flaalng ts*observed. Figure * 
also demonstrates the relationship betveen the Ignition 
temperature, T lg , and tha minimum external heat flux, 
Qa, that vill pfoduce smoldaring (replaca T vith T, g 
and D vith Or -, n D- 0 ). Note that Or ,in ® found by 
St?SS o in Bq! (21), giving 

0 D - T. ♦ Q-D HUT )*-U • f 2 ’) 

u E,ain w co a R co ■ 

vhen either the ignition teaperature, T lg , or the 
radiation heet losses, OrD,.,,, increase, 4 ******* . 

amount of enargy must be supplied to the bottom of tha 
mmtmrlml to producm smoldmrlng. 
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DIMENSIONLESS RADIATIVE LOSSES, OrD*, 


FIG* 4s Setting X mquml to.the dimsnslonlmss 
maximum tmmpsrsturm, T B , five* T a versus dieens ionless 
radiative losses, OrD~ 0 , per see ter i ted In the 
dleensionless heat release^ D co . Setting T equal to 
the ignition teegerature, Tjj, and replacing D c0 vlth 
Os,«in D co « ivM T ig vtrfU * °K d co for V4rloua 0*,.^ 
D co* 

Integrating Eq. (11) froa x-0 to x.l and coeblnlng 
the resulting expression vlth Eq. (17) provides an 
expression for v p , 

% - 5 1 - (<VV - I 1+m » (1+ V 3 J * - 

p D cp l * p * ■ Jx x-0* 


-if 

at Jo 


T dx - 


t. ft : <T. - 

p dt * 


V 


dL 

dt 


Coeblnlng Eqs. 


dt 


(31,32), 
(T, 


gives 


■c<W + °cp 


(32) 


(33) 


A, t-*-, th. pyrolysis v«locity approaches a con. tan t 
vllu. which, In general. differ. fro- th. ch.r 
oxidation speed. Because th, two reaction £ 

.t dlf f.r.nt valocitita, no at.ady ■olution. .xi.t and 
count* reurrant ,-old.r propagation la inh.rantly 

«<«*• »•««'- SV 



- •« -ip f 

atjo 

♦ [1 ♦ N (WT ) 3 1 4|. ] (30) 

* p Jx |x-L^J 

Of the energy that Is transferred dovns trees froa the 
char oxidation sons (see the first tvo teres on the 
right hand side of the above equation), only a portion 
is consumed in the pyrolysis reaction region. Host of 
the energy is stored in the hot char in Region II in 
Fig. 1A 114], a snail fraction Is used to preheat the 
unburnt solid in Region I and the remainder is consumed 
in pyrolysis. In the limit t-*», radiative and 
conductive heat transfer dovnstream from both reaction 
regions is negligible, and Eq. (30) gives 




T dx - T 


P 



r- <VV • (31) 

cp ** 


Thus, energy consumed in the pyrolysis sons and stored 
by the hot char is supplied only by gas phase 
convection in the limit !*•. A reasonable 
approximation for the second term on the left hand side 
of the above equation is 


FIG 5: Predicted ( — ) pyrolysis front velocities, 

r_(t-M»), versus initial gas velocity, uj, for 
elluloslc insulation with (l-d)pji* 34 kg/a , e s -2-* 
J/kg, Qp-0.37 kJ/g-, s c -0.3, T.-1.8 and T,-l. Shown 
ir, -easure-enta 116) betv««n ther-ocouplts 1 and 2 (6) 
md between 2 and 3 (♦) - ther-ocouples 1, 2 and 3, 

,ere placed 7.5 c», 10.1 c- and 11.4 c-, fro- the 
>otto— , respectively. 

Self-auatainlng countercurrent laddering la not 
posaible when dUdt<0, corresponding to 




oi 


"us M u. 

^*7 


(34) 


Solutions do not exist when the energy converted 
towns tree- fro- the oxidation tone is Insufficient to 
iriwe the pyrolysis front. 

1.3.2 Case lit An Ash Layer Builds Belov S-older Vave 
Result a praaentad in thia saction ara reatrictad to 

r . , L , J f 1 .4 » a Tn 


s—11 values^of the stoichipaetrlc coefficient, s a . In 
Region III in Pig. IB (-h<x<0), the ter- invent th * 
tl— derivative in Eq. (22) is s-tll when s-«l (note 
that ?,-a, in Region III). Thus, T la ateady in Region 
III when s.«l. When the thickness of the ash layer ia 
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■uch greater than x c , radiation heat losses froabelov 
are negligible. The residual ash serves as Insulation, 
leading to high peak teaperatures. _The diaensionless 
teaperature of the oxidation zone, T., approaches D co 
•s For T„,-0.2. T b - 2,500°C. Such high 

teaperatures v?ll produce flaaing coabustion « wj 
aaterials of interest l 1*| - In the absence of radial 
heat losses, teaperatures encountered in the 
countercurrent configuration are auch higher than those 
in eocurrent saolder. This is due to the role of gas 

phase convection. For countercurrent saolder, hot 

gases produced in the reaction zone flov into the 
unburnt solid, preheating the incoming £uel ; J" 

eocurrent saolder, gas phase convection carries energy 
out of the systea. When an ash layer builds below the 
saolder zon«,_Eq. (33) still.deteraines the pyrolysis 
velocity, v„(t-*-). Because T B -*0 CO , Eq. (33) now gives 


The need for further experiaental investigation of 
countercurrent smoldering cannot be overemphasised. 

Such experiments are necessary both to test the present 
model and to guide future theoretical vork. Especially 
important is the transition to flaming combustion. 
Results from this study Indicate that such a transition 
is more likely in materials vhich form a residual ash. 
It is anticipated that these materials vlll be readily 
identified experimentally. 

ACKNOWLEDGEMENT 

This vork vas supported by the National Aeronautics 
and Space Administration Levis Research Center under 
grant No. NAG-3-443. 

REFERENCES 


dl 

dt 



1 ♦ 


^C2 

D co 


(35) 


Sine* O co /D CB _ls_f«i fly l«rg«. ° n lh « order o£ 10 * Bq * 
(35) yields dL/dt-1. In dimensional form, 
dL/dt-p g iujCg/(l-d) e s jc s . Typically, uj -5 X 10' a/s, 
(l-d)p s f/p.iLo and c s -c , giving dL/dt-10 
that v-3 X *10~* m/s for this case, so v p -1.3 
cm/s. 


m/s. 

X 10- 


Note 


1. Beshty, B, S. , "A Mathematical Model for the 
Combustion of a Porous Carbon Particle,* Combustion and 
Flame, 32, p. 295, 1978. 

2. Gann, R. G. and Chant, X. T. f "Plow Study of 
Smoldering Charcoal Combustion," American Chemical 
Society, 172nd National Meeting, Division of Organic 
Coatings and Plastics, Report #20, 1976. 

3. Donaldson, D. T., Yeadon, D. A. and Harper, R. J., 
"Smoldering Phenomenon Associated with Cotton, Tex t i le 
Research Journal, 53, p. 160, 1983. 


4. CONCLUSIONS 

A model of unsteady, countercurrent smoldering 
combustion propagation has been developed. The 
proposed application is an experiment for use on the 
Space Shuttle. Due to the microgravity environment, it 
vas assumed that the propagation of the saolder vave 
vas one-dimensional. Radiation heat transfer vas 
incorporated using a diffusion approximation. 

Smoldering coabustion vas represented using a tvo step 
mechanism, vhich included a pyrolysis reaction and a 
char oxidation reaction. A "flame* sheet approximation 
vas used to model the oxidation zone and it vas assumed 
pyrolysis occurs at a known temperature, T p . In 
general, the tvo reaction fronts move at different 
velocities and countercurrent smolder propagation vas 
unsteady. Tvo cases vere considered: (l) no residual 

ash, v.H a -0, and complete consumption of the char; and 
(2) an ash layer forming beneath the oxidation zone, 
due to either production of ash during oxidation, 
v H.rf, or leakage of char through the reaction zone. 

Explicit expressions were derived' for the char 
oxidation velocity, v, the maximum teaperature, T B , and 
the pyrolysis front velocity, v pf in the limit of long 
time, key results included* (I) in the absence of 
radial heat losses, v p approaches a constant value 
vhich is, in general, different from v; (2A) for the tio 
residual ash case, in limit of long time, T- i* 
determined by a balance among the energy released in 
the oxidation region, the energy required to preheat 
the gas and radiation heat losses; (2B) vhen an ash 
layer builds belov the smolder vave, radiation heat 
losses from the bottom are negligible in the limit 
and T- is higher than in the no ash case; and (3) self- 
sustained countercurrent smoldering combustion is only 
possible vhen c J r(T a -Tp)/Qp>Y 0 i'Vy S M us /v 0 M o , i.e. 
solutions cease to exist vhen the energy convected by 
the gas phase is insufficient to drive the pyrolysis 
front. 


4. McCarter, R. J., "Smoldering Combustion of Cotton 
and Rayon," Journal of Consumer Product Flammability^ 

4^ p. 346, 19777 

5. Kinbara, T., Endo, H. and Sega, S., "Downward 
Propagation of Smoldering through Solid Materials," 
Eleventh Symposium (International) on Combustion, the 
Combustion Institute, p. 525, 1967 . 

6. Moussa, N.A., Toong, T. Y. and Garris, C. A., 
"Mechanism of Smoldering of Cellulosic Materials," 
Sixteenth Symposium (International) on Combust ion^ The 
Coabustion Institute, p. 1447, l£7b. 

7. Dosanjh, S. S. , Peterson, J., Pernandez-Pello, A. C. 

and Pagni, P. J., "Bouyancy Effects on Smoldering 
Combustion," Acta Astronautics IAP-85 Stockholm Special 
Issue: Microgravity Materials and Fluid Sciences^ 

nsr 

8. Ohlemiller, T. J., Bellan, J., and Rogers, F. E. , "A 
Model of Smoldering Combustion Applied to Flexible 
Polyurethane Foams," Combustion and Flame, 36^ p. 197, 
1979. 

9. KcCarter, R. J., "Smoldering Combustion of Wood 

Fibers: Cause and Prevention," Journal of Fire and 

Flammability, 9^ p. 119, 1978. 

10. Kansa, E. J., Perlee, H. E. and Chaiken, R. F., 
"Mathematical Model of Wood Pyrolysis Including 
Internal Forced Convection," Coabustion and Flame, 29, 
p. 311, 1977. 

11. Day, H. and Wiles, D. M., "Combustibility of Loose 
Fiber Fill Cellulose Insulation; The Role of Borax and 
Boric Acid" Journal of Thermal Insulation, 2^ p. 30, 
1978. 


172 






I* 


t- 


I < 

V 


t 


12. Cohtn, L. And Uft, N. 
Layers in Still Air," Fuel 


V., "Combustion of Dust 
, 34,, p. 15 A, 1954. 


13. rUMt, K. H. t "smoldering Combustion in Dusts and 
Fibrous Materials'" Combustion and Flame, 1, p. 14, 
1957. ; 


14. Ohlemiller, T. J., "Modeling of Smoldering 
Combustion Propagation," Progress in Energy and 
Combustion Science, 11, p. 277, 1986. 


15. Gann, R. G., Earl, V. L. , Manka, M. J. and Miles, 

L. B., "Mechanism of Cellulose Smoldering Retardance by 
Sulfur," Eighteenth Symposium (International) on 
Combustion, The Combustion Institute, p. 571, 1981. 


16. Ohlemiller, T. J. and Lucca, D. A., "An 
Experimental Comparison of Forward and Reverse 
Combustion," Combustion and Flame, 54, p. 131, 1983. 


17. Summerf ield, N., Ohlemiller, T. J. and Sandusky, H. 
V. , "A Thermophysical Mathematical Model of Steady-Drav 
Smoking and Predictions of Overall Cigarette Behavior, 
Combustion and Flame, p. 263, 1978. 

18. Winslov, A.M., Numerical Model of Coal Gasification 
in a Packed Bed," Sixteenth Symposium ([Intarnatulonan 
on Combustion, The Combustion Institute, p. 503, 1976. 

19. Kanury, A. M., "Rate of Charring Combustion in a 
Fire." Fourteenth Symposium (International) on 
Combustion, The~Combustlon Institute, p. 1131, 1972. 

20. Delichatsios, M. A. and de Ris, J., "An Analytic 
Model for the Pyrolysis of Charring Materials," Factory 
Mutual Research Corporation, May 1983. 


21. Kanury, A. H., Introduction to Combustion 
Phenomena, Gordon and Breach Science Publishers, 1975. 

22. Hirschefelder, J. 0., Curtis, C. F. and Bird, R. 

B., Molecular Theory of Gases and Liquids, John Wiley 
and Sons, 1954. 

23. Shaflzadeh, F. and Bradbury, A. G. V., "Smoldering 
Combustion of Cellulosic Materials," Journal of Thermal 
Insulation, 2 , p. 141, 1979. 

24. Rogers, P. E. and Ohlemiller, T. J., "Cellulosic 

Insulation Material - I: Overall Degradation Kinetics 

and Reaction Rates," Combustion Science and Technology , 

24. p. 129, 1980. 

25. Tye, R. P., "Heat Transmission in Cellulosic Fiber 
Insulation Materials," Journal of Testing and 
Evaluation, 2, p. 176, 1974. 

26. Lunardlni, V. J., Heat Transfer in Col d Climates, 
Van Nostrand Reinhold Company, pp. 471-529, 1981. 


173 



PAPER 3 


"BUOYANCY EFFECTS ON SMOLDERING COMBUSTION" 


Dosanjh, S., Peterson, J., Fernandez-Pello, A.C., and Pagni, P.J. 


Acta Astronautica, Vol. 13, No. 11/22, pp. 689-696 (1986). 



Acta Astronauttca Vol. 13. No. 11/12. pp. 689-696. 1986 
Printed in Gnat Britain. All rights reserved 


0094-5767/86 S3. 00 + 0.00 
(£) 1986 Pergamon Journals Lid 


BUOYANCY EFFECTS ON SMOLDERING 
COMBUSTIONt 

S. Dosanjh, J. Peterson, A. C. Fernandez-Pello and P. J. Pagni 
D epartment of Mechanical Engineering, University of California, Berkeley. CA 94720. U.S.A. 

(Received 21 May 1986) 


Abstract — A theoretical and experimental study is carried out to determine the effect of buoyancy on the 
rate of spread of a cocurrent smolder reaction through a porous combustible material. Since buoyant 
forces are proportional to the product g(p ^ — p,), they can be controlled experimentally by varying either 
the gravitational acceleration, g , or the density difference, p. — p g . The latter approach was followed in 
the present work. Measurements are performed of the smolder spread rate through porous a -cellulose 
(0.83 void fraction) as a function of the ambient air pressure. The experiments are carried out in a pressure 
vessel for ambient pressures ranging from 0.5 to 1.2 atm. The rate of spread was obtained from the 
temperature histories of thermocouples placed at fixed intervals along the fuel centerline. The smolder 
velocity was found to increase as the ambient pressure was increased. Extinction was found to occur when 
the buoyancy forces could not overcome the drag forces, indicating that at least for the present 
experimental conditions transport by diffusion cannot, by itself, support the spread of a smolder reaction. 
This conclusion is particularly important for outer space conditions where gravity and consequently 
buoyancy could be negligible. In the analysis, which assumes one-dimensional processes, the transport 
equations are solved to give the smolder spread rate as a function of the inlet oxygen mass flux. This mass 
flux is then estimated by balancing buoyancy and drag forces. Assuming that the smolder chemical 
reaction is only weakly dependent on pressure, the analysis finally predicts a smolder velocity dependence 
of the form v Y^gp^ Pa 2 , i.e. is proportional to the ambient pressure squared. Good qualitative 
agreement is found between the theoretical predictions and the experimental results. 


1. INTRODUCTION 

Smoldering combustion, which is defined as burning 
and smoking (that is, combustion) without flame, is 
present in a variety of combustion processes ranging 
from the burning of porous building materials to 
underground coal combustion. The host for the 
smoldering process is a porous combustible material. 
It is at the surface of this material where a hetero- 
geneous chemical reaction takes place. Smoldering 
involves complex processes related to fluid mechanics 
and heat transfer in a porous media together with 
surface chemical reactions. Chemically, the porous 
combustible material is a hydrocarbon (for example, 
cellulose or polyurethane) which can sustain surface 
reactions and produce enthalpy and desorbing 
species — primarily C0 2 , H 2 and CO. It usually under- 
goes considerable chemical change as the smolder 
wave propagates through the material from virgin 
bulk to slightly heated and pyrolytic material to 
largely carbonaceous char and ash behind the wave. 
The slower the wave propagates, the more complete 
its decomposition and combustion. Once established, 
self-sustaining smoldering well within this bulk can 
be difficult to extinguish. 


tPaper IAF-85-289 presented at the 36ih Congress of the 
International Asironautical Federation , Stockholm, Sweden, 
7-12 October. 1985. 


When smoldering is initiated at the top of the 
material in a natural convection environment, the 
reaction zone travels downward, in the direction 
opposite to the buoyantly induced flow of air. Be- 
cause the fuel and the oxygen enter the reaction zone 
from the same direction, this configuration is often 
referred to as cocurrent. Smoldering combustion is an 
oxygen-limited phenomenon! 1*2]. Since, in most 
cases, all of the available oxygen is consumed, the 
total heat release is approximately proportional to 
the incoming oxygen mass flux. Increasing the buoy- 
ancy force increases the gas velocity, leading to higher 
temperatures and faster reaction rates[2]. For this 
reason, the rate at which a self-sustaining smolder 
wave passes through a porous material is very de- 
pendent on the magnitude of the buoyancy force 
relative to the magnitude of the drag forces. 

Some of the earliest work in smoldering com- 
bustion was undertaken by Palmerf3], who measured 
the rate of smolder spread in dust trains and heaps. 
Since then, a number of experimental and theoretical 
investigations have appeared in the literature. Topics 
of research include smolder propagation in 
cigarettes{4,5], coal[6,7], polyurethane foams{8-10], 
wood[ 11-13] and wood products! 14]. Smoldering 
combustion in the cocurrent configuration has been 
investigated experimentally with polyurethane 
foam[15] and loose-fill cellulose insulation! 16] used as 
fuels. These materials exhibited similar smolder char- 
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acteri sties. Raising either the oxygen concentration or 
the gas velocity led to higher burning rates. 

The objective of the present work is to study, both 
experimentally and theoretically, the effect of buoy- 
ancy on cocurrent smoldering combustion. Buoyant 
forces, which are proportional to the produett 
giPp “ PiX can be controlled experimentally by vary- 
ing either the gravitational acceleration, g , or the 
density difference The latter approach is 

followed in the work presented here. By changing the 
ambient pressure, the density of the gas and con- 
sequently the buoyant force is varied. The rate of 
smolder spread through porous cellulose is measured 
for air pressures ranging from 0.5 to 1 .2 atmospheres. 
The smolder velocity is found to increase as the 
ambient pressure is increased. 

A model of cocurrent smoldering combustion un- 
der free flow conditions is also developed. In one 
dimension, the local gas velocity is determined from 
the conservation of mass — as a function of the inlet 
gas velocity («,). Since the pressure varies by a small 
amount over distances comparable to the thickness of 
the smolder wave{l,17], the transport equations can 
be solved before considering the momentum equa- 
tion. Solution of these equations provides the rate of 
smolder spread as a function of if. The quantity, 14 
is then estimated by using an integral momentum 
analysis. The predicted smolder velocities are in 
qualitative agreement with the measurements. 

t MATHEMATICAL FORMULATION 

A schematic of the problem under consideration is 
presented in Fig. 1. A porous combustible solid with 
density p n , temperature 7\, and void fraction is 
contained in a vertical cylinder. Smoldering is ini- 
tiated at the top of the porous material using a planar 
ignition source. The smolder wave propagates down- 
ward opposing a buoyantly driven upward flow of 
oxidizer. The gaseous oxidizer has an oxygen concen- 
tration Y„ and a density p p . While all of the oxygen 
is consumed in the reaction zone, a considerable 
amount of solid remains. In a frame of reference 
moving with the reaction zone, the solid fuel and the 
oxidizer enter the smolder wave with velocities v and 
if 4- v, respectively. 

Over distances comparable to the smolder wave 
thickness, variations in pressure can be taken as a 
perturbation[l,2,17]. That is, P * Pa +p, wher zpjPa 
is small quantity. In one dimension, the conservation 
of gas mass determines the gas velocity as a function 
of the inlet velocity (14). To leading order, the trans- 
port equations can be solved before considering the 
momentum equation. The transport equations are 
formulated in this section and a solution is presented 
in Section 3. The smolder velocity and the peak 
temperature are functions of if . The determination of 
if is discussed iq Section 4. 



Fig. 1. Schematic of cocurrent smoldering combustion 
viewed in a frame of reference moving with the reaction 
zone. 


Assumptions made in the following analysis in- 
clude: 

1. The propagation of the smolder wave is one- 
dimensional and quasi-steady in a frame of reference 
moving with the smolder wave. 

2. The gas phase and the solid phase are in local 
thermal equilibrium (that is, T t = 7,). 

3. Radiation heat transfer can be modelled using 
a diffusion approximation. 

4. The smolder chemical reaction is of the form 

v w (unburat solid) + v c 0 2 v.(ash) 

4- v,,, (gaseous products) ( 1 ) 

5. Thermophysical properties are constant. 

In a frame of reference moving with the smolder 
wave, solid and gas phase mass fluxes are (symbols 
are defined in the Appendix and Tables 1 and 2) 


m s =*(l-*)p,P, (2) 

m % = 4>P t ( u + p )' (3) 

The conservation of mass requires 

m =7^4^ = constant (4) 

Phase and species mass flux fractions are defined, as 
follows, 

£, = m % jm % (5) 

€ g = m,/m, (6) 

««t =Y m mJm, 0) 

<t>Y 0 p t (u+v + V 0 ) 


fNomcnclature is given in Appendix at end of paper. 


m 


( 8 ) 
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r,-r, 

T { 


Table 1 . Dimensionless g roups 

Change in temperature divided by the final temperature 


rrrcE„P‘ 

k,E„ 


' <t>P,E>c 

k _k 


*m~ 


ut € m 


Zeldovich number 

Damkohler group 

Modified Lewis number 

Fractional increase of the gas phase mass flux 

Ratio of the thermal conductivity to the effective thermal conductivity 
(radiation and conduction) 

Equivalence ratio 


where V 0 is the diffusion velocity of the oxygen. 
Equation (1) gives the following relationships be- 
tween these flux fractions 

I df ul 1 df 0 1 df, 

d* v 0 A/„ dx (v„,A/ us - v,A/,) d.t 

1 $1. (9) 


Distances are measured relative to kjmc , where 
k f =*k + k^T* is the effective thermal conductivity. 
A dimensionless temperature is defined as. 


T = 


T-T } 

T t -Ti 


( 10 ) 


Since all of the incoming oxygen is consumed in the 
reaction zone, pg, e 0 and Y o are nondimensionalized 
by their initial values (Table 2). 

In dimensionless form, the transport equations are 
[17]: 


Conservation of oxygen 



(ID 


Table 2. Dimensionless variables 


<0 

< 0 . 


Dimensionless oxygen mass flux 


Fick's Law 

-^ = [i+*i(i -oir.-c- ( ] 2) 

it, dx 


Conservation of energy 

= f-( l-t 0 ). (13) 


Auxilliary relations (Arrhenius type reaction rate) 

•v =(/*r.)*[i -f(. -oj n -=ed - nr ■ 

(l4) 


The dimensionless groups and variables are given in 
Tables 1 and 2 respectively. Dividing eqns(ll, 12) by 
eqn. (13), the spatial coordinate x can be eliminated. 
In terms of the new coordinate f , the boundary 
conditions are 

as T — * 0 i Q -> 1 (15) 

as T -♦ 1 c o —*0 (16) 

r.-o 



Dimensionless gas density 
Dimensionless temperature 
Dimensionless gas velocity 
Dimensionless oxygen concentration 


3. AN ASYMPTOTIC SOLUTION OF THE 
TRANSPORT EQUATIONS 

For cellulose, the Zeldovich number, p. is on the 
order of fifteen! 14]. Because of Arrhenius-type de- 
pendence of the reaction rate on temperature, rela- 
tively small changes in temperature can lead to large 
changes in the reaction rate. Under such circum- 
stances. it is reasonable to assume that the oxidation 
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reaction is confined to a thin region[18]. This region 
acts as a source for energy and a sink for oxygen. The 
reaction zone is, in essence, a derivative layer. Tem- 
perature and oxygen concentration vary continuously 
across this layer, while their derivatives undergo a 
discontinuous change. 

Since region II (Fig. 1) is fairly thin, the source 
terms in the governing equations are balanced by 
diffusion. In the outer regions (regions I and III), 
convection and diffusion balance. The smolder veloc- 
ity and the maximum temperature are determined by 
matching the inner solution with the outer solutions. 
The details of this matching process are available in 
[I7J. The following results are pertinent to this study. 


c<r f -r t ) 


( 17 ) 


A m 


where 




/: 


f(K) 

Ktr(l +*)’ 
t dt 

= 1 >* 

— 0 -0 

L J 


( 18 ) 


(19) 


Equations (17, 18) determine v and T f as functions of 
«i. As illustrated in Figs 2 and 3, both v and 7> 
increase as the inlet oxygen mass flux (Y^p^p) h 
increased. 


4. CONSIDERATION OF THE 
MOMENTUM EQUATION 


The inlet gas phase velocity («,) is determined from 
an integral momentum analysis. A characteristic gas 
phase velocity is defined by balancing buoyancy 
forces and drag forces. 




( 20 ) 



Fig. 3. Final temperature, T t , as a function of the inlet 
oxygen mass flux. Y m p p p . 


where pa 4 is the proportionally constant in Darcy's 
Law. The gas density, is nondimensionalized by 
Pp- 

In the absence of an imposed pressure gradient, the 
conservation of momentum requires (see Nomen- 
clature section in Appendix): 

<f d wd.r= (I— p g )dx, (21) 

-A J -A 

where L is the chimney height, h is the height of the 
virgin solid and h Q — h is the char height. While the 
flow resistance, a d , is lower in the char layer, the gas 
phase velocity is higher. The latter is due to both gas 
generation and expansion in the reaction zone. There- 
fore, it is reasonable to assume that a^u remains 
approximately constant. Using this assumption, eqn 
(21) yields the following relationship between p and 
a (which depends on T f ), 

( 22 ) 




Oxygen mass flux, kg/m 2 sec KX IQ 4 ) 

Fig. 2. Smolder velocity, r, as a function of the inlet oxygen 
mass flux, 4>Y ol p p u l , 



Fig. 4. Inlet gas velocity, u,, as a function of a characteristic 
buoyancy force. gp p . 
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Fig. 5. Schematic diagram of the experimental installation. 


Equations (17 ,18, 22) determine t\ T { and a,. As 
illustrated by Fig. 4, is approximately proportional 
to the characteristic buoyancy force gp p . Since the 
smolder velocity is proportional to the oxygen mass 
flux, 

e ~Yo.PpU,~Y a ,gpl (23) 

Assuming that the reaction rate of the smolder 
reaction is independent of pressure, it can be deduced 
from the above expression that the smolder velocity 
is proportional to the ambient pressure squared, that 
is v Pa 2 . Since the reaction rate for most fuels is 
only weakly dependent on pressure, it is expected that 
the above velocity/pressure dependence will be valid 
at least for relatively small variations of the ambient 
pressure. However, if the ambient pressure is reduced 
considerably, the reaction rate and temperature will 
decrease to the point that extinction will occur. The 
reduction of the flow of oxygen to the reaction zone 
due to both the decrease in pressure and post- 
combustion temperature, i.e. decrease in buoyancy, 
will also add to the onset of extinction. 

5. EXPERIMENT 

Experiments are performed to determine the effect 


of ambient pressure, and consequently of buoyancy, 
on the rate of smolder spread through a porous 
combustible material. A schematic diagram of the 
experimental installation is shown in Fig. 5. The 
experiments are carried out in a cylindrical pressure 
vessel 1.8 m in diameter and 3.3 m long. A vacuum 
pump or a compressor is used to set the vessel 
pressure below or above atmospheric pressure. The 
oxygen concentration in the vessel can be varied by 
adding oxygen or nitrogen from pressurized bottles. 
Acrylic windows located at opposite sides of the 
vessel provide optical access to the test area. The 
fuel/container unit is held by a frame in the middle 
of the test area, avoiding the obstruction of the flow 
of air in and around the fuel container. 

The porous fuel is contained in a vertical Pyrex 
cylinder 0.07 m in diameter and 0.16 m long. These 
dimensions, in particular the cylinder diameter, are 
selected to reduce to a minimum, the depletion of 
oxygen in the vessel during the fuel combustion 
process, while ensuring a one-dimensional smolder 
spread process in a region of at least 2 cm in diameter 
around the cylinder axis. Small holes placed longi- 
tudinally along the side of the cylinder allow the 
positioning of thermocouples or gas sampling probes 
in the porous material. A nichrome wire electrical 
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igniter can be positioned at the top or bottom of the 
cylindrical container to initiate the smoldering pro- 
cess at either end of the cylinder. As an alternative 
ignition method, an easily ignitable fuel (cellulose 
soaked in heptane for example) is thinly spread on 
top of the porous material and ignited with a small 
pilot flame or spark. The flaming combustion of the 
volatile fuel initiates the smoldering combustion of 
the porous combustible. A chimney 0.33 m long and 
0.03 m in diameter, tapered at the bottom to a 
diameter of 0.07 m is fitted on top of the fuel con- 
tainer. The chimney is used to both enhance the 
buoyancy driven flow of oxidizer through the porous 
fuel and to prevent the diffusion of air to the top 
surface of the combustible material. The fuel con- 
tainer and the chimney are insulated with a fiber-glass 
jacket to reduce heat losses to the environment. 

The rate of smoldering spread is measured from the 
temperature histories of thermocouples embedded in 
the porous fuel and with their junction placed at fixed 
distances along the cylinder axis. Four Chromel- 
Alumel thermocouples 0.8 mm in diameter, are em- 
bedded in the porous fuel at 5 or 10 mm apart. The 
emf from the thermocouples is amplified to volt levels 
and processed in a real time data acquisition micro- 
computer. With the fuel temperature histories, the 
rate of spread of the smolder reaction is calculated 
from the time lapse of reaction zone arrival to two 
consecutive thermocouples, and the known distance 
between the thermocouples. The arrival of the 
smolder reaction zone at the thermocouple position 
is characterized by a maximum in the temperature 
profile. Under most experimental conditions this 
maximum is not sharply defined, which introduces 
inaccuracies in the definition of the smolder front 
arrival time and consequently in the calculation of the 
smoldering spread rate. In spite of this problem, the 
thermocouple probing method is considered to be the 
most practical and accurate method to measure the 
rate of smolder spread. 

6. RESULTS AND COMPARISON 

The experiments presented in this work were car- 
ried out using % -Cellulose powder as porous com- 
bustible material. A preweighted amount of cellulose 
is loosely packed in the cylindrical container filling a 
constant volume, therefore keeping an approximately 
constant void fraction. The cellulose is supported at 
the bottom by a wire mesh which is attached to the 
cylinder surface 40 mm from the cylinder top. The 
upper cellulose surface is kept flush with the top 
cylinder rim. The 40 mm cellulose bed height was 
found to be the maximum at which the present 
experimental set up could operate. For larger heights, 
the pressure drop in the system is apparently too large 
to be overcome by the chimney generated buoyancy, 
particularly at the lower pressures tested. The re- 
sulting induced flow of air is not large enough to 
sustain the progress of the smolder reaction. Al- 



Fig. 6. Electron microscope photograph showing the struc- 
ture of the at -cellular ( x 300). 


though longer fuel beds could be tested by increasing 
the chimney height, it was decided that a 40 mm fuel 
height was sufficient to provide the information 
sought in this work. AH the experiments were per- 
formed with an approximately constant cellulose void 
fraction of 0.82. The void fraction was estimated 
from the measured weight, occupied volume and a 
cellulose density of 0.62 x lO^g/m 3 . An example of 
the structure of the cellulose used in the experiments 
is shown in the photograph of Fig, 6, taken with an 
Electron Microscope at a magnification of x400. It 
is seen that the material is formed primarily by long, 
interlaced, cellulose fibers. Photographs, as the one 
shown in Fig. 6, can be used to approximately 
estimate the Darcy coefficient of the porous fuel. 

The measured rates of smolder spread through the 
cellulose are presented in Fig. 7 for several ambient 
air pressures. For the measurements, the four ther- 
mocouples were placed, in most cases, 5 mm apart 
from each other with the first thermocouple located 
15 mm from the top cellulose surface. In a few tests, 
the thermocouples were positioned at distances 
10 mm apart. The smolder velocities presented in Fig. 
7 were calculated from the outputs of the second and 
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Smolder velocity 



Fig. 7. Measured and predicted smolder velocity, r. as a 
function of the ambient pressure. Pa. 
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fourth thermocouples, because they seemed 10 pro- 
vide the most reproducible data. As it is seen from the 
results of the figure, there is scatter in the measure- 
ments, particularly at higher pressures. We, believe 
that this is primarily the result of inaccuracies in the 
determination of the arrival of the smoldering front 
at the thermocouple location. This is more noticeable 
at higher pressures because the smolder velocity is 
higher. The scatter in the data may be also the result 
of small variations in the cellulose void fraction and 
location of the thermocouples. For comparison pur- 
poses, the theoretically predicted smolder velocity is 
also presented in Fig. 7. For the theoretical calcu- 
lations, the Darcy coefficient is selected such that 
at atmospheric pressure the theoretical prediction 
agrees with the average measured smolder velocity. 
Approximate estimation of the Darcy coefficient 
from the Electron Microscope photographs (Fig. 6) 
gives values for the smolder velocity that are approx. 

30% lower than those presented in Fig. 7. Although 
the comparison between theory and experiments can 
only be considered here as qualitative, it is seen from 
Fig. 7 that the theoretical model predicts very well the 
general trend of the experimental results, with the 
smoldering velocity decreasing as the ambient pres- 
sure decreases. This is the result of the decrease of the 
flow rate of air through the system as the pressure, 
and consequently the buoyancy, is decreased. 

An interesting experimental observation is that the 
smolder reaction does not spread at ambient pres- 
sures below 0.6 atm. We believe that this is primarily 
due to the inability of the oxygen to reach the 
reaction zone because at this pressure the buoyant 
forces cannot overcome the pressure losses. The 
decrease of the reaction rate due to the decrease in 
pressure is probably another factor that contributes 
to the extinction, or lack of spread, of the smolder 
reaction. The present theoretical model is not capable 
of predicting extinction and, thus, cannot be used to 
predict this experimental result. An important con- 
clusion of this experimental observation is that, at 
least for a -cellulose with void fractions equal to or 
larger than the one used here and for air as oxidizer, 
smolder combustion will not take place if species 
diffusion is the only mechanism to transport the 
oxidizer to the reaction zone. This result cquldj>e_ _ 
particularly important for the potential development 
of smolder combustion process under micro-gravity 
conditions, in space vehicles for example, since buoy- 
ancy forces would be negligible and the flow of 
oxidizer would have to be driven by diffusion or 
forced. 

In Fig. 8 the predicted and measured peak tem- 
perature are presented as a function of the ambient 
pressure. It is seen that there is good qualitative 
agreement between experiments and theory, although 
the predicted temperatures are lower than the 
measured ones. This result is probably due to the 
simplified chemical kinetic model used in the theory. 
The complex chemical reactions taking place at the 


fuel surface arc simply modeled with a one step 
reaction with an Arrhenius type reaction rate. Fur- 
thermore, the values of the activation energy and 
pre-exponential factor used to calculate the reaction 
rate are not accurately known. Selection of a larger 
value of the activation energy or the pre-exponential 
factor could result in a belter quantitative agreement 
between theory and experiment. 


7. CONCLUDING REMARKS 

Theoretically predicted rates of smolder spread and 
peak reaction temperatures during the natural con- 
vection, cocurrenl, smoldering combustion of porous 
cellulose in air at varied ambient pressures agree well, 
at least qualitatively, with the experimental results for 
ambient pressures that do not differ considerably 
from the atmospheric value. The quantitative 
differences appear to be due primarily to 
simplifications used in the modeling of the chemical 
reactions taking place at the fuel surface, to uncer- 
tainties in the value of key process parameters such 
as activation energy, pre-exponential factor, Darcy 
coefficient and void fraction, and to experimental 
errors because of difficulties in measuring accurately 
the rate of smolder spread. 

. It is found that the presence of a steady flow of 
oxidizer toward the reaction zone is of critical im- 
portance for the progress of the reaction zone. Both 
the smolder velocity and reaction temperature are 
strong functions of the oxidizer flow rate, increasing 
with it. Extinction is observed to occur if the flow rate 
is below a critical value. This indicates that, at least 
for cellulose with void fraction as the one tested in 
this work or higher, diffusion of oxidizer toward the 
reaction zone is not a sufficient transport mechanism 
to sustain the cocurrent smolder combustion process. 


Peak temperatures 



Fig. 8. Measured and predicted reaction zone peak tem- 
perature, 7\, as a function of the ambient pressure. 
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This result is particularly important for natural con- 
vection smoldering combustion under microgravity 
conditions since buoyancy forces are very small and 
the oxidizer can only be transported to the reaction 
zone by diffusion. The present results suggest that for 
smolder combustion to occur in a microgravity envi- 
ronment. the flow of oxidizer must be forced through 
the fuel, or the porous fuel must have, among others, 
a large void fraction, a small Darcy coefficient, a low 
activation energy and a large effective thermal con- 
ductivity, that is, properties that favor the transport 
of heat and mass by diffusion and that present 
minimum obstruction to the free flow of gases. 

The present work, however, can be only viewed as 
preliminary. Theoretical predictions and detailed ex- 
periments of the smolder extinction process are neces- 
sary. Experiments with other porous fuels, and in 
particular the accurate determination of the condi- 
tions at which smolder combustion would occur in a 
microgravity environment are also necessary. 
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APPENDIX 

Nomenclature 

a 4 * Darcy coefficient 
c = Heat capacity 

D = Mass diffusiviiy of oxygen in air 
E * Activation energy 
g = Gravitational acceleration 
h = Height of the virgin solid 
k = Effective thermal conductivity of the solid and the 
gas - 4>k t + (I 
m = Mass flux 

Mi = Molecular weight of species t 
P =* Pressure 

Q = Energy released per mass of oxygen consumed 

T m Temperature 

u - Velocity of the gas phase 

v — Smolder velocity 

V, = Diffusion velocity of gas species / 

Y 0 = Density of the oxygen /density of the gas phase 
- Density of the unbumt solid/ density of the solid 
Z = Pre-exponential factor 

Greek letters 

P - Zel'dovich number 
€ * Mass flux fraction 
p = Density 
p * Dynamic viscosity 
v tj * Stoichiometric coefficient 
^ * Void volume/total volume 
4>^ = Equivalence ratio 

Subscripts 
a = Ash 

f = Final value (x = + oo) 
g = Gas phase 
gp = Gaseous products 
i * Initial value (x « — oo) 
s * Solid phase 
us - Unburnt solid 
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ABSTRACT 

Smoldering combustion propagation through very porous 
solid materials is examined. The proposed application is an 
experiment for use on the Space Shuttle. Due to the 
microgravity environment, smolder propagation is assumed to 
be one-dimensional. Two configurations are considered: (1) 
cocurrent, premixed-f lame-like or reverse ; (2) counter- 
current, diffusion-flame-like or forward. 

In cocurrent smoldering combustion, both forced and 
free flow are analytically represented. It is assumed that 
the propagation of the smolder wave is steady in a frame of 
reference moving with the wave. Smoldering is described by a 
finite-rate, one-step, oxidation reaction and radiation heat 
transfer is incorporated using a diffusion approximation. 

The dimensionless equations are very similar to those 
governing the propagation of a laminar premixed flame. A 
straightforward extension of the activation energy 
asymptotics analysis presented by Williams yields an 
expression for a dimensionless eigenvalue, -A. , thus 
determining the final temperature, T£. A global energy 
balance then determines the smolder velocity, v. Explicit 
expressions are derived for the smolder velocity, v, and the 
final temperature, T f . An approximate extinction criterion 



is identified. 

A model of unsteady, forced, countercurrent smoldering 
combustion is also presented. Smoldering is represented 
utilizing a two step mechanism consisting of a pyrolysis 
reaction followed by a char oxidation reaction. A "flame" 
sheet approximation is used to model the oxidation reaction. 
It is assumed that pyrolysis occurs at a known temperature, 
Tp. Because the two reaction zones move at different 
velocities, countercurrent smoldering is unsteady. Two cases 
are considered: (1) no residual ash, V a M a =0, and (2) an ash 
layer forming beneath the oxidation zone, y a M a ^0. The 
residual ash serves as insulation, and its presence leads to 
higher peak temperatures. Explicit expressions are derived 
for the oxidation velocity, v, the maximum temperature, T m , 
and the pyrolysis front velocity, Vp. 
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CHAPTER 1 
INTRODUCTION 

1.1 PHENOMENON OF INTEREST 

Smoldering is defined as a heterogeneous oxidation zone 
propagating through a porous fuel [1] - Oxygen diffuses to 
the surface of the solid where it is adsorbed [2] . A highly 
exothermic reaction ensues. The products of combustion 
(primarily C0 2 f H 2 0 and CO) desorb and diffuse away from the 
surface. Many materials can sustain smoldering. These 
include coal [3,4], cotton [5,6], paper [7], polyurethane 
foams [8-11], wood [12-14], thermal insulation materials 
[15] and various dusts [16,17] . If the host material is 
sufficiently permeable, smoldering is not necessarily 
confined to its outer surface. A self-supporting exothermic 
reaction zone can pass through the substance [1] . Oxygen 
reaches the reaction zone by convection and diffusion. 
However, such a scenario is not valid for all porous 
materials. Upon being heated, some substances decompose into 
a "liquid" tar [8] , restricting the flow of air through the 
material and consequently inhibiting the propagation of such 
a smolder wave. Smoldering combustion can be prevented in 
some materials by adding sulfur [6,18]. 

There are two distinct classifications for the one- 
dimensional propagation of a smolder wave - see Figs. 1-1 
and 1—2. The reaction zone travels downward when smoldering 
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FIG 1-1* Cocurrent, reverse . FIG. 1-2: Countercurrent, forward 

or premixed- flame- like. • or diffusion-flame-like. 



is initiated at the top of the material, moving in the 
direction opposite to the flow of air, corresponding to 
reverse smolder. This configuration is also referred to as 
cocurrent or premixed-f lame-like because the fuel and the 
air enter the reaction zone from the same direction. On the 
other hand, the reaction zone travels upwards when 
smoldering is initiated at the bottom, moving in the same 
direction as the air flow, corresponding to forward smolder. 
In this case the fuel and the air enter the oxidation zone 
from opposite directions. This configuration is also 
referred to as countercurrent or diffusion-flame-like. 

If the inlet gas velocity, u^, is held fixed, smolder 
propagation in the cocurrent configuration becomes steady 
and the burning velocity reaches a constant value [2,19,20]. 
While almost all of the oxygen reaching the reaction zone is 
consumed, a considerable amount of solid remains behind in 
the form of a residual ash. This ash serves as insulation, 
letting fairly weak smolder waves propagate [20] . Because 
all the available oxygen is consumed, the amount of heat 
released in the oxidation zone is proportional to the oxygen 

• tf 

mass flux, m Q ^. The smolder velocity is highly dependent on 
m^, increasing linearly with m”^. On the other hand, the 
peak temperature is only weakly dependent on fn^, increasing 
logarithmically with m 0 ^ [2,20,21]. 

Smolder propagation in the countercurrent configuration 
is unsteady [19] . This unsteady behavior is due to the 
presence of two reaction regions. A pyrolysis reaction zone 
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moves upwards through the solid leaving behind a fairly 
black char. Oxidation of this char in a thin zone provides 
the energy required to sustain smoldering [19] . As in a 
diffusion flame, all of the available fuel and oxygen is 
consumed in the oxidation zone [2,19]. Therefore, the char 
oxidation speed is fairly constant and is proportional to 
the incoming oxygen mass flux, with the proportionality 
constant determined from stoichiometric conditions. Because 
the pyrolysis reaction is endothermic, the motion of the 
pyrolysis front is very dependent on heat transfer from the 
oxidation zone. In the absence of heat losses from the sides 
of the cylinder, the pyrolysis front velocity approaches a 
constant value, which is, in general, several times larger 
than the char oxidation speed [19] . Consequently, 
countercurrent smolder propagation is inherently unsteady. 

Another important difference between the two 
configurations is the direction in which energy is convected 
by the gas. In the cocurrent configuration, hot gases 
produced in the reaction region flow into the burnt solid. 
Consequently, heat transfer by radiation and conduction must 
provide the energy required to preheat the unburnt solid. In 
the countercurrent configuration, energy convected by the 
gas phase raises the temperature of the unburnt material. 
Therefore, in the absence of heat losses, temperatures 
encountered in the countercurrent configuration are higher 
than those encountered in cocurrent smolder. 
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1.2 RELATED STUDIES 

Early work in smoldering combustion was conducted by 
Palmer [17] , who measured the rate of smolder spread in 
various dust trains and heaps. Since then, researchers have 
studied smolder propagation in a wide variety of 
configurations. Cocurrent smoldering combustion has been 
examined experimentally using polyurethane foams [22] , 
cellulosic insulation materials [19] and packed beds of 
alpha-cellulose fibers [23] as fuels. Ohlemiller et al [20] 
developed a large computer code to investigate unsteady, 
cocurrent, smolder propagation in flexible polyurethane 
foams. A pulse of radiation was used to initiate smoldering 
at the top of the porous fuel. Two reactions (pyrolysis and 
oxidation) were included in the analysis. The solid and the 
gas were presumed to be in local thermal equilibrium (that 
is, T s =Tg) and radiation heat transfer was incorporated 
using a two-flux model. Because their method required 
expensive finite element calculations, Ohlemiller et al 
concluded that a primary use of this model is to study the 
initiation of smoldering combustion. 

Relatively little attention has been given to 
smoldering combustion in the countercurrent configuration 
[1]. Ohlemiller and Lucca [19] conducted an experimental 
investigation of this problem using cellulosic insulation as 
a fuel. Summerf ield et al [24] presented a one-dimensional 
numerical model of smolder spread in a cigarette during 
steady draw. Two reactions were included, pyrolysis and char 
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oxidation. Because the wrapping paper burns back, a 
significant amount of air bypasses the hottest part of the 
char oxidation region. Consequently, cigarette smolder is 
much more complicated than the countercurrent smoldering 
scenario depicted in Fig. 2-2. 

Several researchers [25-27] have investigated 
countercurrent propagation within the context of coal 
gasification in a packed bed. A large number of reactions 
were included in these analyses. One of the most complete 
numerical solutions was presented by Winslow [25] . In his 
unsteady, one-dimensional model, different gas and solid 
temperatures were used and concentrations of eight chemical 
species, two forms of water (surface and interior), coal and 
char were calculated. Good agreement between measurements 
and calculations was reported. However, due to the 
complexity of the solutions, it is difficult to determine 
which mechanisms dominate the movement of the six reaction 
fronts . 

Steady smolder spread in horizontal, cylindrical, 
alpha-cellulose and polyurethane, fuel elements was examined 
by Moussa et al [28] and Ortiz— Molina et al [29] , 
respectively. The gas and the solid were assumed to be in 
local thermal equilibrium. The material was divided into two 
regions, an isothermal char-oxidation zone, the length of 
which was determined empirically, and a pyrolysis zone. Two 
competing reactions were used to model pyrolysis. Good 
agreement between the predicted and measured extinction 
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limit was reported. 

Muramatsu [30] formulated a model of evaporation- 
pyrolysis processes inside a cigarette. No attempt was made 
to model the burning region. Energy convected by the gas 
phase was considered negligible and the smolder speed was 
determined experimentally. Since the burning velocity was 
known a priori, the mathematical formulation was an initial 
value problem and a Runge-Kutta integration technique was 
used. Another study concerned with modeling the smoldering 
of cigarettes was carried out by Baker [31] . Empirically 
determined temperature profiles and gas species 
concentrations were used to find the net rate of chemical 
production of heat and the consumption of oxygen. 

Recently, Leisch et al [32] modelled the steady 
smoldering combustion of dust layers in a quiescent 
atmosphere. Two reactions (pyrolysis and char oxidation) 
were considered. The oxygen supply was considered uniform. 
Consequently, there was no need to consider gas species 
equations. The smolder velocity, which is an eigenvalue of 
the problem, was determined by a trial and error numerical 
integration. 

A fairly complete mathematical formulation of the 
smoldering combustion of a porous solid comprised of 
spherical particles was presented by Ohlemiller [1] . Packed 
bed correlations were used to describe heat and mass 
transfer between the particles and the bulk gas. Because the 
particle pores are small, the motion of the gas within the 
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pores is independent of the motion of the gas outside the 
pores. Mixing in the bulk gas phase is assumed to be 
vigorous enough so that the properties of the gas phase are 
uniform over distances comparable to the size of a typical 
particle. Consequently, the temperature and species 
concentration profiles in the particles are spherically 
symmetric. Since energy and species equations must be solved 
for each particle present, the primary use of this model is 
to elucidate the physics of smoldering combustion. There is 
virtually no hope of obtaining solutions to these equations. 

Ohlemiller also presented a set of equations governing 
smolder propagation for cases in which distances 
characteristic of changes in temperature and species 
concentration are much larger than the diameter of a typical 
particle. The solid and the gas within the pores can be 
treated as one component and the gas outside the pores as 
the other component. The formulation consists of two energy 
equations, one equation for each solid phase species, two 
equations for each gas phase species and a momentum 
equation. 

1.3 THE PRESENT CONTRIBUTION 

Activation energy asymptotics are used to study forced 
cocurrent smoldering combustion in Chapter 2. It is assumed 
that the propagation of the smolder wave is one-dimensional 
and steady in a frame of reference moving with the reaction 
zone. Smoldering is represented using a finite-rate, one- 



9 


step reaction. A non-oxidative pyrolysis reaction can be 
included in the analysis. However, for steady smolder, the 
presence of such a reaction will have only a small effect on 
the temperature profiles. The dimensionless equations are 
very similar to those governing the propagation of a laminar 
premixed flame. A straightforward extension of premixed 
flame analyses [2,33] yields an expression for a 
dimensionless eigenvalue , .A. , thus providing a relationship 
between the initial oxygen mass flux, m^* and 

the final temperature, Tf. A global energy balance then 
determines the smolder velocity, v. Theoretical predictions 
are compared with the experimental findings of Rogers and 
Ohlemiller [21] and with the calculations of Ohlemiller et 
al [20]. 

A model of unsteady countercurrent smoldering 
combustion propagation is developed in Chapter 3. Smoldering 
combustion is represented using a two-step mechanism 
consisting of a pyrolysis reaction followed by a char 
oxidation reaction. A "flame" sheet approximation is used to 
model the oxidation reaction zone and it is assumed 
pyrolysis occurs at a known temperature, Tp. Because the two 
reaction fronts move at different velocities, countercurrent 
smolder propagation is unsteady. Two cases are considered: 

(1) no ash residue ; and (2) an ash layer building below the 
smolder wave. The residual ash serves as insulation, leading 
to much higher peak temperatures. The range of validity of 
the solutions is identified and explicit expressions are 
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derived for the char oxidation velocity, v, the pyrolysis 
front velocity, Vp, and the maximum temperature, T m , in the 
limit of long time. Predictions are compared with 
measurements by Ohlemiller and Lucca [19] . 

In Chapter 4, the effect of buoyancy on cocurrent 
smoldering combustion is investigated both experimentally 
and theoretically. Buoyant forces, which are proportional to 
the product, 9(Pgi"^g)' can be controlled experimentally by 
varying either the gravitational acceleration, g, or the 
density difference, \qi~fq' The l atter approach is followed 
in the work presented here. By changing the ambient 
pressure, the density of the gas and consequently, the 
buoyancy force, is varied. The rate of smolder spread 
through a packing of alpha-cellulose is measured for air 
pressures ranging from 0.5 to 1.2 atmospheres. 

A model of cocurrent smoldering combustion under free 
flow conditions is also presented in Chapter 4. In one 
dimension, the gas velocity is determined from the 
conservation of mass - as a function of the inlet gas 
velocity, u^. Since the pressure varies by a small amount 
over distances comparable the thickness of the smolder wave 
[1] , the transport equations can be solved before 
considering the momentum equation. Explicit expressions for 
the smolder velocity, v, and the final temperature, Tf, are 
derived by using activation energy asymptotics. Both 
eigenvalues, v and Tf, are functions of u^. The quantity, 
u^ , is then estimated by using an integral momentum 
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analysis. The smolder velocity is found to increase as the 
ambient pressure was increased. Good agreement between 
predictions and experiments is observed. 

A series of ground based experiments designed to test 
the predictions of the present models are proposed in 
Chapter 5. Possible comparisons between measurements and the 
theory are discussed. It is anticipated that these 
comparisons will establish the range of validity of key 
assumptions in the analyses (such as the one-dimensional 
propagation approximation) and will hopefully lead to 
improvements in the current theory. 
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CHAPTER 2 

FORCED COCURRENT SMOLDERING COMBUSTION 
2.1 INTRODUCTION 

A schematic of the problem under consideration is shown 
in Fig. 2-1. A gaseous oxidizer with an initial oxygen 
concentration, Y oi , an inlet velocity, u if and an initial 
temperature, T ir flows upwards through a porous combustible 
solid with void volume fraction . The solid and gas 
fractions have initial densities, and Pg^r respectively. 

Buoyancy is included and shown to be negligible in the 
proposed application of a smoldering combustion experiment 
for use on the Space Shuttle. 'A planar ignition source is 
used to initiate smoldering at the top of the solid. The 
smolder wave propagates downward opposing the upward flow of 
oxidizer. Because the oxidizer and the fuel enter the 
reaction zone from the same direction, this configuration is 
often referred to as cocurrent or premixed-f lame-like. While 
all of the oxygen is consumed in the reaction zone, a 
considerable amount of solid remains [1] . Energy released in 
the reaction zone is transferred upstream by conduction and 
radiation, providing the energy required to preheat the 
solid and the gas. 

Smoldering combustion in the cocurrent configuration 
has been investigated experimentally using polyurethane foam 
[9] , cellulosic insulation [19] and alpha-cellulose [23] , as 
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REGION I: RESIDUAL CHAR AND 
GASEOUS PRODUCTS 


REGION II: REACTION ZONE 


V (SOLID VELOCITY) 


| U i +V (GAS VELOCITY) 
REGION III: UNBURNT SOLID AND AIR 


2-1 : Cocurrent smoldering combustion viewed in 
of reference moving with the smolder wave. 


a frame 
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fuels. The present study is intended to compliment the 
earlier work of Ohlemiller et al [20], who developed a large 
computer code to investigate unsteady, one-dimensional, 
cocurrent smolder propagation in flexible polyurethane 
foams. Because their method required expensive finite- 
element calculations, Ohlemiller et al concluded that a 
primary use of their model was to study the initiation of 
smoldering combustion. 

A primary goal of this study is to use activation 
energy asymptotics to conduct a parametric investigation of 
cocurrent smoldering combustion. The dimensionless equations 
are very similar to those governing the propagation of a 
laminar premixed flame. A straightforward extension of the 
premixed flame analysis presented by Williams [2] yields an 
expression for a dimensionless eigenvalue, .A. , providing a 
relationship between the initial oxygen mass flux, m^* 
0 Y oifgi u i, and the final temperature, T f . The smolder 
velocity, v, is then determined by balancing the energy 
released in the oxidation zone with the energy required to 
preheat the solid and the gas from T^ to T f . Both v and T f 
are highly dependent on m^. This is due to the oxygen 
limited nature of cocurrent smoldering combustion. That is, 
all of the incoming oxygen is usually consumed and the total 
energy available is proportional to m 0 ^. Theoretical pre- 
dictions are compared with the experimental findings of 
Rogers and Ohlemiller [9] and with the calculations of 
Ohlemiller et al [20]. The influence of buoyancy is 



TABLE 2-1 s Typical smolder characteristics 


Quantity of Interest 

smolder velocity, v 

initial gas velocity, 

peak temperature , 

smolder wave thickness 

inverse equivalence ratio, r eq 

solid mass flux, m s ^ 

. // 

gas mass flux, mg^ 
solid mass fraction, 6 S 
gass mass fraction, £g 


Magnitude 5 
©'(O.Ol cm/ sec) 
©(0.1 cm/ sec) 
350-500 C 
2-3 cm 
©(0.03) 

©'(0.0004 gm/cm 2 s) 
©(0.0001 gm/cm 2 s) 
©'( 0 . 8 ) 
er(o.2) 


a. Order of magnitude estimates given in refs. [9,20]. 
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fig. 2-2a:-Electron microscope photograph of a GM-25 


polyurethane foam. 
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FIG. 2-2b: Electron microscope photograph of an alpha 


cellulose fuel bed. 



discussed in section 2.5. 


2.2 ANALYSIS 
2.2.1 Assumptions 

Typical values of several key smo lder characteristics,, 
including the smolder velocity, v, and the peak temperature, 
T^, are given in given in Table 2-1. Electron microscope 
photographs of two solid fuels, a GM-25 polyurethane foam 
and a packed bed of alpha-cellulose, are shown in Figs. 2-2A 
and 2-2B, respectively. Both of these mat erials have been 
used in recent experimental investigations [9,20,21,28,29] 
of smoldering combustion. The polyurethane foam is composed 
of large contiguous bubbles whose diameters are on the order 
of several hundred microns. On the other hand, the alpha- 
cellulose is formed by interlaced fibers, roughly one- 
hundred microns long and ten microns in diameter. 

Many fuels of interest are very porous, and consequently, 
conduction is a relatively poor mode of heat transfer [19] . 
Thus, radiation heat transfer is often important despite the 
relatively low temperatures encountered in smoldering 

combustion - peak temperatures are usually between 350 and 

o 

500 C [20] . While radiation is important in polyurethane 
foams, it is approximately negligible in tightly packed beds 
of alpha-cellulose. In the following analysis, a diffusion 
approximation is utilized to model radiation heat transfer. 
That is, the radiation heat flux is incorporated using a 
temperature dependent conductivity [34-36] . 
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Smoldering combustion is represented by a finite rate, 
one-step reaction, 

V us (Unburnt Solid) + V 0 C >2 

y a Ash + V gp (Gaseous Products) + QV 0 M 0 # (2-1) 

Reaction mechanisms for alpa-cellulose , GM-25 polyurethane 
foam, wood dust and cellulosic insulation are discussed in 
Appendix A. Ohlemiller and Lucca [19] reported that a one- 
step oxidation reaction adequately describes the cocurrent 
smoldering of cellulosic insulation materials. Ohlemiller et 
al [20] modelled the smoldering combustion of a polyurethane 
foam by utilizing two global reactions, 

V us (Unburnt Solid) + V^ o i 0 2 — 

V c Char + )) gpl (Gaseous Products) + QV 0 iM ol (2-2) 

and 

Vc C har + ^ O 2 0 2 ** 

V a Ash + V gp2 (Gaseous Products) + QV o2 m 0 2 (2-3) 

However, since the second reaction (oxidation) was much 
faster than the first reaction (pyrolysis) , their two step 
reaction mechanism can be well approximated by Eq. (2-1) . The 
following asymptotic analysis can be modified to include a 
non-oxidative pyrolysis reaction. Because the amount of 
energy consumed by pyrolysis is much smaller than the amount 
released in the reaction zone, for steady smolder, the 
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presence of such a reaction will have a small effect on the 
temperature profiles. 

Additionally, the solid phase is considered continuous 
with a constant void volume fraction. Propagation of the 
smolder wave is assumed to be one-dimensional and steady in 
a frame of reference moving with the smolder wave. Fick's 
Law is used to model the diffusion of oxygen. The gas and 
the solid are presumed to be in local thermal equilibrium. A 
criterion for checking the validity of this equilibrium 
approximation is derived in Appendix B. Energy transport due 
to concentration gradients, energy dissipated by viscosity, 
work done by body forces and the kinetic energy of the gas 
phase have been ignored. Because the mass diffusivity of 
oxygen in air, D, increases with temperature and decreases 
with pressure [37] , the quantity, PgD, is taken to be 
constant. It is also assumed that properties, such as the 
gas phase thermal conductivity, k g , the solid phase thermal 
conductivity, k s , the gas phase specific heat, c g , and the 
solid phase specific heat, c g , remain constant. 

2.2.2 Governing Equations 

Equations governing heat and mass transfer in a porous 
medium are derived in Appendix C. In a frame of reference 
moving with the smolder wave, m # g= (1-0 ) ^ s v . Since the 
smolder velocity is usually at least an order of magnitude 
smaller than the gas phase velocity [9,19,20], m g 0 P g u . 
This assumption allows m"^ to be treated as a known 
quantity. The conservation of mass requires that m (=m s +m g ) 
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remain constant. Mass flux fractions are defined by: 




. // 

M* j 


(2-4) 


" Y, 




)T\ 


(2-5) 



Symbols are defined in the nomenclature. Equation (2-1) 
gives 

1_ <*is> . _L ^ ,2-7) 

vv, dx ' ax <* A ** ■ 

Species conservation for oxygen requires 

C^o . f'" (2-8) 

W\" » 

and integrating the conservation of energy gives 

= Q«'7f.i-0 , l2 ' 91 

where Eq.(2-8) has been used to eliminate the reaction rate 

from Eq.(2-9). The effective thermal conductivity, k e ff = 

0 k g +(l-0)k s , accounts for heat transfer due to conduction 
in both gas and solid phases. Radiation heat transfer is 
incorporated using a temperature dependent conductivity , 



TABLE 2-II: Typical properties of a polyurethane foam and a 
packed bed of alpha-cellulose. 



polyurethane 3 

alpha-cellulose* 

0 

0.97 

0.90 

P si [kg/m 3 ] 

1150 

620 

c s [kJ/(kg K) ] 

1.7 

0.84 

k eff [W/m K] 

0.047 

0.050 

k rad (T i ) [w/m K] 

0.005 

0 

E [kJ/mole] 

155 (140) b 

180 

Q [kJ/kg] 

12,300 (7,600) 

12,500 

Z 

10 10 m 3 /kg s 

3 X 10 6 m 1 * 5 /kg°* 5 K 

a 

1 

in 

• 

o 

b 

1 

i 

c 

0 

0.5 

'V'V 

3.7 

1.4 





a. Properties given in refs. [20,39], The value given by 
Ohlemiller et al [20] is shown in parenthesis whenever it 
differs from the value listed above. 

b. Shown in the parenthesis is the activation energy for the 
first reaction in the two-step model in ref. [20]. 

c. Properties given in refs. [21,28,40]. 
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k ra( j=16^j^ r T 3 /3 . For simplicity, it is assumed that an 
effective heat capacity, c e ff= £s c s + £g c q' remains constant. 

• it/ 

The reaction rate, r , is assumed to depend on the 
oxygen mass fraction, the solid fuel present and the 
temperature in an Arrhenius form, 

r "= 2 <^) Q ( Y us /0 t>TC e ^ , <2 - 10) 

where a,b and c are arbitrary constants. The oxygen mass 
fraction is determined from the definition of the oxygen 
mass flux, Eq. (2-6) . The conservation of momentum, which is 
discussed in the appendix, and an equation of state, P=^RT, 
complete the preceding set of equations. Because the 
pressure varies by a small amount [1] , the transport 
equations can be solved before considering the momentum 
equation. Properties of a polyurethane foam and a packing of 
alpha-cellulose are given in Table 2-II. 

The following boundary conditions are imposed on 
Eqs . (2-6, 2-8, 2-9) : 

0i5 X t 6©”* € 0 \ 

f £©-* o 

as X -t fOD A V 0 CD 

l T-T f 


( 2 - 11 ) 


( 2 - 12 ) 


Two boundary conditions are imposed on Eq. (2-6) . The second 
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TABLE 2-IIIs Dimensionless parameters governing forced 
cocurrent smoldering combustion* In addition to the ^ 
following parameters , r eC j, a ' anc ^ c must ke specified* 


3>c 


QN.i 

<Vi 


Dimensionless measure of 
the energy released in the 
reaction zone {varies from 
0 to 40) 




Modified Lewis number 
(varies from 0.05 to 
infinity) 


N 


* 


Z, 


3 K tfi 


Dimensionless radiation 
conductivity (usually less 
than 0.1) 



Measures the amount of gas 
produced in the reaction 
zone (varies between 0.1 
and 1.0) 




Dimensionless activation 
energy (varies between 50 
and 70) 





(imensionless pre- 
sxponential factor 
usually lies between 10 
md 10 10 ) 
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boundary condition, which requires that all of the incoming 
oxygen be consumed, will determine T f . Setting T=T f ,£ o =0 
and dT/dx=0 in Eq. (2-9) gives 


V ^ 


Q. *A 


a 

oi 


(V 0 ) 




(2-13) 


After solving for T f , Eq.(2-13) will determine v. 

2.2.3 Dimensionless Governing Equations 

A characteristic distance, x c = k e f f ^^ef f • chosen 

by balancing convection and diffusion in the energy 
equation, thus eliminating one dimensionless parameter. 
Typically, k eff v0.05 W/m K, m^0.005 kg/m s, and c eff *-1 
kJ/kg K, giving x c a. 0.01 m. Because the definition of x c 
does not account for radiation, x c is somewhat smaller than 
the smolder wave thickness given in Table 2-1. Since all of 
the oxygen is consumed, the oxygen mass flux and the oxygen 
mass fraction are normalized by their initial values. A 
dimensionless temperature is defined by T= (T— T^)/T c . 

Setting T c = T^ eliminates the parameter, T c /T^, which arises 
from the nonlinear terms in the governing equations. This 
choice for T c also makes T an 0(1) quantity - see Table 2-1. 

The dimensionless parameters governing cocurrent 
smoldering are listed in Table III. Parameter ranges given 
in Table 2-III were estimated from the properties tabulated 
in Table 2-II. Note that the asymptotic analysis is only 
valid when the Zeldovich number, = $ T f /(1+T f ) 2 , is large 
( #>10) [2], roughly corresponding to ^>50. The 
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dimensionless radiation conductivity, N R , is artificially 
low because it is based on rather than Tj. A critical 
value of the dimensionless heat release, D c , below which 
steady solutions cease to exist, will be identified. 

Dividing Eqs. (2-6 and 2-8) by Eq. (2-9) eliminates the 
spatial coordinate, x. In terms of the new coordinate, T, 
the governing equations are 


and 


t- yi-p ^ 

[lvN R (UT?] < * T 




The dimensionless reaction rate is given by 


(2-14) 


(2-15) 



££Vp 'j 

(TuV^i-i) ] 


(2-16) 

) 


where 



Xt 

u a 


i*a — 


r < 1 +°-) 




(2-17) 


In terms of T, the boundary conditions are: 


as T -t 0 (Z -* -oo) 
T f 00 s ) 


1. 

r 

V v*° 


(2-18) 


(2-19) 


After solving Eqs. (2-14 and 2-15), the spatial coordinate. 
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x(T), is determined by 

1 + N* ( i+ T ? ^ 

T -T + (l-W < * x 


Eq.(2-13) gives a relationship between a dimensionless 
smolder velocity, v"=v/v c , and the dimensionless final 
temperature, Tf= (T^-T^) /T^ , 




Pc 


( 2 - 21 ) 


where a characteristic smolder velocity. 


is chosen by balancing the energy released in the reaction 
zone and the energy required to preheat the solid, thus 
eliminating one parameter from the above equation. 


2.3 ACTIVATION ENERGY ASYMPTOTICS 

Typical values of the Zeldovich number , 0 , encountered 
in smoldering combustion are fairly large. From the argument 
of the exponential in Eq. (2-16) , the reaction rate is 
significant only when 1- ^" 1 < > l7T f < 1, corresponding to the 
(inner) Region II in Fig.l. The outer region consists of the 
point *T= T f , Region I in Fig.l, and Region III in Fig.l, 

0< T/Tf < 1- £ -1 . In the outer regions, the reaction rate is 
negligible and diffusion is balanced by convection. Because 
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the inner region is very thin, diffusion dominates 
convection, and consequently, the source terms in the 
governing equations are balanced by diffusion. 

In Region III, to 0 and Eq. (2-14) yields £ 0 =1. 
Substituting £ 0 =1 into Eq. (2-15) and integrating once gives 

\ - 1 - e *pj- uT f J -1 + NsCi^'v’] an} _ (2 ' 23) 

7 

For N r = 0 , Eq. ( 2-23 ) gives Y Q = l-T Le . Note that the integral 
in Eq. ( 2-23 ) diverges as T 0 . Therefore , 1 as T-tO. A 

stretched variable is defined, $ = (1-T/T f ) . Expanding Y Q 

and € 0 in terms of 1/ 

\ ¥ 

and 

Z 0 -- H > &(j 

Matching conditions are: 

as I -7 t *> 

! 

o><9 5 o 


gives 


) . 




f 6° 


0 

0 


(2-24) 


(2-25) 


(2-26) 


(2-27) 


In the inner region, Eqs. (2-14,2-15,2-16,2-17) yield 
(to leading order) 








(2-28) 


and 



FIG. 2 


INVERSE EQUIVALENCE RATIO, r eq 

3: The function f(b,r eq ) plotted versus the inverse 

, for various values of b. 
eq 9 


equivalence ratio , r 



Integrating Eq. (2-29) , substituting the resulting expression 
into Eq.(2-28), applying the matching conditions and 
integrating once yields 


A * 


tb><$ 


where 


A * [ 1 * m r ( uT t f ikO > 


2-30) 


idt 




(2-31) 


Because the oxygen consumption of a typical smolder wave is 
only a few percent of that required for stoichiometeric 
burning, the inverse equivalence ratio, r 0 g= V us M us£oi/ 
^ 0 M 0 £ US ^, is fairly small [19,20]. As shown in Fig. 2-3, 
f (b,r 0 g) + 1/2 in the limit r 0 g-* 0. 


2.4 GENERAL SOLUTION 
2.4.1 Fields 

Because all of the incoming oxygen is consumed in the 

reaction zone, the total heat release is proportional to the 

• H 

initial oxygen mass flux, m 0 ^. Both the smolder velocity, v, 
and the final temperature, Tf, are highly dependent on m 0 ^. 
Since T f appears in Eqs. (2-14,2-15,2-16,2-20) , varying m 0i 
affects the dimensionless oxygen mass fraction, Y Q (T), the 
dimensionless oxygen mass flux, £ 0 (T), and the 



DIMENSIONLESS OXYGEN MASS FRACTION, Y 0 «Y 0 /Y q1 


le- O.xS 

LC 1 0 . 5 0 


NORMALIZED TEMPERATURE , T/T f 

FIG. 2-4: Dimensionless oxygen mass fraction, Y 0 =Y 0 /Y 0 ^, 
versus normalized temperature, “T/T f , with N R =0 . 1 , $ =60 , j[=10 10 , 
a =i , c =0 and r eq =0. Also plotted is the dimensionless oxygen 
flux, £> € 0 /€ 0 i' versus T/T f , for a=l and r eq =0. The 
dimensionless parameters are defined in Table 2-III. 


mass 


DIMENSIONLESS OXYGEN MASS FLUX 
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dimensionless distance, x(T). These profiles depend on Le, 
Nr, r e q, $ , A , a, b and c. Since r eq is usually small, the 
various profiles are weakly dependent on r eq and b. Results 
presented in the following discussion are for the limit r eq -r 
0, and consequently, the solutions are independent of both 
r eq and b. 

When is plotted as a function of normalized 

temperature, T/Tf, the resulting curves depend on only two 

parameters, the Zeldovich number, £= T f / (1+T f ) 2 , and the 

constant, a. As evidenced by Fig. 2-4, the incoming oxygen 

is consumed in a narrower region as ft is increased. Also 

plotted in Fig. 2-4 is Y Q versus T/T f , parameterized in Le, 

for Nr= 0.1, J\_ = 10^®, a = l and c=0. The modified Lewis 

number, Le, measures the thermal thickness relative to 

oxygen diffusion thickness. The preceding analysis only 

valid when the diffusion thickness is much larger than the 

thickness of the reaction zone, roughly corresponding to 

Le << . When Le , the dimensionless oxygen mass fraction 

is 0(1) in the reaction zone and smoldering is kinetically 

controlled [38]. For polyurethane, with u^=0.2 cm/s and P a =l 

atm, the criterion for diffusion controlled smoldering is 

Y oi >>0.02. For a packed bed of alpha-cellulose, the 

criterion is Y • >>0.01. 

oi 

After ascertaining the dependence of £ 0 on T, Eq.(2- 
20) is utilized to determine T as a function of the 
dimensionless distance, x. Typical temperature profiles. 
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dimensionless distance, x=x m'c ef f /k ef f , with =10 
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a=l and c = 0, are 


parameterized in N R and for A= 10 9 , 

shown in Fig. 2-5. Raising the dimensionless radiation 
conductivity, N R , decreases the final temperature and 
increases the thermal thickness of smolder zone. On the 
other hand, increasing @ leads to greater final 
temperatures. Note that £ Q (x) and Y Q (x) can be constructed 
by combining Figs. 2-4 and 2-5. Results from such a 
calculation are shown in Fig. 2-6. 

At this point in the analysis, quantities of secondary 
interest, such as the gas phase velocity, u^, can be 
calculated. Integrating Eq. (2-7) and utilizing Eqs. (2-4,2- 
11) gives 

U- * [ 1 ] l 1 + (l “ j (2-32 

where a normalized gas velocity, ”u= u/u^, has been defined. 
Over most of the domain, “u increases linearly with "t due to 
gas phase expansion. However, as T approaches Tf, u 
increases dramatically because of gas generation in the 
reaction zone. In the limit r eg -* 0, "u depends on four 
parameters, £> , a, P g , and T f . Setting 7=T f and € o = 0, 

Eq. ( 2-32) yields 

V 1 < 2 - 33 

thus determining the final velocity, u^. 



DIMENSIONLESS PRE-EXPONENTIAL, A X 10 -10 

FIG. 2-7: Dimensionless final temperature, "Tj= (T f -T^) /T^ 
versus the dimensionless pre-exponential factor, A t with a=l 
c=0 , and r_=0 . 
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FIG. 2-8: Downstream temperatures in polyurethane predicted 
by the present analytic model, for the properties listed in Table 
2 -n (— ) and those given by Ohlemiller et al ( — • — ) , measured by 
Rogers and Ohlemiller and calculated by Ohlemiller et al (O) • 
Measurements are for the following conditions: u^=0.04 cm/s, Y Q ^* 
0.23 ( + ) and Y oi =0.44 (A); u i =0.15 cm/s, Y oi =0.44 (x) . Also 
shown in the figure are predictions for cellulose ( ) . 
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2.4.2 Final Temperature and Smolder Velocity 

A key result of this analysis is "T f (N R , ^ , X ,a,c) . In 
the limit r eq -* 0, Eqs. (2-30 and 2-31) give 


— r <"l' Ta / — 

A[ltN R (ltT f f] ^ltT^ e 




. l 
2 


(2-34) 


A plot of Tf = (Tf-Tf ) /Tf versus Ji. , parameterized in the 
dimensionless activation energy, ft * , and the dimensionless 
radiation conductivity, N R , for a=l and c=0, is shown in 
Fig. 2-7. As the reaction rate is increased, by either 
raising the pre-exponential , -A- , or lowering the activation 
energy, , Tf decreases and the smolder velocity, v, which 
is inversely proportional to T f , increases. That is, the 
material burns faster when the reaction rate is higher. 

For a given fuel, T f decreases logarithmically with A • 

Therefore, T f increases logarithmically with the initial 

* // 

oxygen mass flux, m oi , as shown in Fig. 2-8. Also indicated 
are measurements by Rogers and Ohlemiller [9] and 
calculations by Ohlemiller et al [20] for polyurethane. 
Ohlemiller et al attributed the discrepancy between their 
predictions and experiments to uncertainty in the base 
parameter set (see Table 2-1 I) . When their parameters are 
used in this model, as shown by the dot dash line in Fig. 2- 
8, predicted values of Tf are close to those calculated by 
Ohlemiller et al. Results from this study indicate that the 
parameters in Table 2-1 I are a better choice, for they give 
much closer agreement between predictions (solid line) and 



DMEHSIOHLESS PRE-EXPOHEHTIAL, A * 10“ xw 
FIG* 2-9: Dimensionless smolder velocity# ’v+l/D c # versus the 
dimensionless pre-exponential, A , for polyurethane. Smolder 
velocities predicted by the present analytic model (— ) , measured 
by Rogers and Ohlemiller ( A ) and calculated by Ohlemiller et al 


(♦) are shown. 
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measurements. The dashed line in Fig. 2-8 gives the final 
temperature for alpha-cellulose. 

As shown in Eq.(2-21), the dimensionless smolder 
velocity depends only on D c and T^. The dimensionless 
parameter, D c , which measures the total energy released in 
the reaction zone relative to the amount of energy required 
to raise the temperature of the gas from to T^ , contains 

the experimentally observed dependence of ~v on Y Q £. For a 

• // 

given fuel and a fixed initial oxygen mass flux, m Q ^, 
increasing Y Q ^ raises D c , leading to higher smolder 
velocities. This dependence of "v on D c is fairly weak except 
near extinction. For Y Q ^ near 0.23, D c is on the order of 10 
and therefore, as a first approximation, "v ~ 1/T f . Because Tf 
varies slowly with m^, v is approximately proportional to 
m^ {recall that v c ~mQ^). Figure 2-9 illustrates the 
dependence of v on A for polyurethane. Overall, there is 
good agreement between the smolder velocities predicted by 
this model and those measured by Rogers and Ohlemiller [9]. 

Extinction occurs when v=0, corresponding to Tf= D c . 
That is, extinction occurs when all of the energy released 
is used to heat the incoming gas. Steady smoldering 
combustion is possible only when Y Q ^>c e f£ (T^-T^) /Q. For 
polyurethane, with u^=0.2 cm/s and P a =l atm, this criterion 
requires that Y o ^>0.05. While for alpha-cellulose this 
criterion is Y o ^>0.03. Note that the presence of heat losses 
from the sides of the cylinder will raise this critical 
value of Y oi . When the smolder wave is close to the top of 
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the material, heat losses from the top will also have an 
important effect on the extinction criterion [20] . 

2.5 INFLUENCE OF BUOYANCY 

Because the temperature field and hence the buoyancy 
varies as the smolder wave spreads, u^ may not be known a 
priori. The quasi-steady conservation of momentum for this 
system is 

0 - -MW + • (2 ‘ 35) 

Integrating Eq.(2-35) yields 

f\<W* = <*AP ♦ <t\ W# > (2 - 36) 

K-L k-L 

where h is the length of region I in Fig. 2-1, L is the 
total length of regions I-III and AP=P^-Pf is the pressure 
drop across the solid, excluding changes in hydrostatic 
pressure. While the flow resistance, a d , is lower in the 
char layer* the'gas velocity, u, is higher. Therefore, it is 
assumed that the quantity a d u remains approximately constant 
at a d u^. A step change in from /g^ to /^f occurs at x=0. 
The initial velocity is then approximated as 

¥ 0 ^ t ( 2 - 37 ) 

M*L 

Buoyancy can be neglected when 9 ^^/ 1P« (1+T f )/T f . At 
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STP, Pqi~ 1 kg/m 3 and T f ~1, so that at sea level, with g= 
9.8 m/s 2 , A P/h>> 5 Pa/m suffices while in orbit, with g t 
10“ 2 m/s 2 , 4P/h» 5xl0 -4 Pa/m will suffice. On the other 
hand, for polyurethane, buoyancy is negligible if the forced 
u^» 4xl0“ 4 m/s at sea level and if u i >> 4xl0" 8 m/s in orbit. 
When ^P/g^g ^h<< T^/ (1+Tf) , . Since the smolder 

velocity is proportional to the oxygen mass flux, v ~ 

Y oi /gi u i /vY oi g /gi* This result agrees with the experimental 
finding (see Chapter 4) that v is proportional to P a for 
buoyancy driven systems. 


2.6 CONCLUSIONS 

An analytic model of cocurrent (premixed flame-like) 

smoldering combustion propagation has been developed. 

Buoyancy was included and shown to be negligible in the 

proposed application of a cocurrent smoldering experiment 

for use on the Space Shuttle. Because of the microgravity 

environment, propagation of the smolder wave was assumed to 

be one-dimensional and steady in a frame of reference moving 

with the smolder wave. Radiation heat transfer was 

incorporated using a diffusion approximation and smoldering 

was modelled using a one-step reaction mechanism. 

Key results include: (1) for a given fuel, the final 

temperature depends only on the initial oxygen mass flux, 

m oi / incr e as i n g logarithmically with m^ ; (2) the smolder 

*// • n 

velocity, v, is linearly dependent on m Q ^ and at fixed m oi , 
increasing the initial oxygen mass fraction, Y c ^, increases 
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v ; and (3) steady smolder propagation is possible only for 
Y oi >c ef f (Tf-T^ /Q, with extinction occurring when all of the 
energy released in the reaction zone is used to heat the 
incoming gas. 

The preceding analysis can be modified to allow for 
several second order effects. Heat losses from the sides of 
the cylinder will affect the extinction criterion, 
increasing the critical value of below which steady 

solutions cease to exist. When properties are allowed to 
vary, the equations determining v and Tf will still be 
valid, with the properties appearing in these equations 
evaluated at T f [2,33] . As discussed earlier, a non- 
oxidative pyrolysis reaction can also be included in the 
analysis. However, for steady smolder, the presence of such 
a reaction will only have a small effect on the temperature 
profiles . 



44 


CHAPTER 3 

FORCED COUNTERCURRENT SMOLDERING COMBUSTION 
3.1 INTRODUCTION 

Schematics of the problems under consideration are 
presented in Figs. 3-1A and 3-1B. A gaseous oxidizer, with 
an oxygen concentration, Y Q ^, and an inlet velocity, u^, 
flows upward through a porous combustible medium which has a 
void volume fraction, (£> . The solid and gas fractions begin 
with densities, p s ^ and respectively. At t=0, both the 

solid and the gas are at a uniform temperature, . 
Smoldering is initiated at the bottom of the material by 
applying an external heat flux, q e , for 0<t<t e . The smolder 
wave propagates upwards , in the same direction as the forced 
flow of oxidizer. In a frame of reference moving with the 
smolder zone, the solid and the oxidizer enter the reaction 
region from opposite directions. Consequently, this 
configuration is referred to as countercurrent or diffusion- 
flame-like. It is also called forward smolder since the 
reaction zone moves in the oxidizer flow direction. 

A model of unsteady, forced, countercurrent smoldering 
combustion propagation is presented in this chapter. 
Smoldering combustion is represented with a two-step 
reaction mechanism consisting of a char oxidation reaction 
and a pyrolysis reaction. A "flame" sheet approximation is 
used to model the oxidation reaction zone and it is assumed 
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0 i (air flow velocity) 


3-1A: Schematic of countercurrent smoldering for 


Case I (no residual ash) . 
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0 (air flow velocity) 


fig. 3-1B: Schematic of countercurrent smoldering for 

ash layer building below the smolder wave) . 


Case II ( an 
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pyrolysis occurs at a known temperature, T p . Because the two 
reaction fronts move at different velocities, countercurrent 
smolder propagation is unsteady. Two cases are considered: 

no ash residue (see Fig. 3-1A) , V a M a =0 ' and an ash layer 
building below the smolder wave (see Fig. 3-1B) , y a M a /0. The 
residual ash serves as insulation and its presence leads to 
higher peak temperatures. The range of validity of the 
solutions is identified and explicit expressions are 
derived, in the limit of long time, for the char oxidation 
velocity, v, the pyrolysis front velocity, v p , and the 
maximum temperature, T m . 

3.2 ANALYSIS 
3.2.1 Assumptions 

The scenario depicted in Fig. 3-1 is not a realistic 
representation of the countercurrent smoldering combustion 
of all solid fuels. Some solids will collapse downwards as 
the smolder wave propagates. In this study, it is assumed 
that the solid remains stationary in a frame of reference 
fixed in the laboratory. If the fuel consists of small, 
loosely packed, solid particles, this assumption is only 
valid in a microgravity environment. Smoldering combustion 
is represented by a two— step reaction mechanism, 

V/ us (Unburnt Solid) + Qp^us^s * 

)) c Char + y^pi (Gas Products) (3-1 

and 
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^ c Char + i) o 0 2 — + 

^_ p2 (Gas Products) + y) a Ash + Q^o M o (3-2) 

) 

where Q p is the energy required to pyrolyse one gram of 
unburnt solid and Q is the energy released per gram of o 2 
consumed. Char oxidation is modeled using a "flame sheet" 
assumption. It is assumed that the pyrolysis reaction occurs 
at a known temperature, T p . This is a reasonable 
approximation for many solids of interest [41,42,44]. For 
alpha-cellulose, T p = 300°C [41] . Alternatively, pyrolysis 
can be modeled using Arrhenius-type kinetics [24,25,41]. 

Such an approach leads to numerical calculations and 
requires the specification of kinetic constants whose values 
are sometimes ambiguous [41] . 

The char oxidation zone moves at a constant speed, v, 
which is determined by the rate at which oxygen reaches the 
reaction region, while the pyrolysis front moves at a 
velocity, v p , which is several times larger than v. Because 
the pyrolysis reaction is endothermic [1] , motion of the 
pyrolysis front is highly dependent on heat transfer from 
the oxidation zone, where the energy required to sustain 
smoldering is released. Energy is transferred to the 
pyrolysis zone by conduction, radiation and gas phase 
convection. Typical values of several smolder 
characteristics, including the maximum temperature, T m , the 
oxidation velocity, v, and the pyrolysis speed, v , are 
given in Table 3-1. 
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TABLE 3-1: Order of magnitude 
characteristics . 

Quantity of Interest 
forced gas velocity, u^ 
oxidation velocity, v 
pyrolysis front velocity, Vp 
maximum temperature, T m 

a. Measurements by Ohlemiller 


estimates for several smolder 

Magnitude 3 
(1-5) X 10 -3 m/sec 
(1-3) X 10" 5 m/sec 
(5-15) X 10" 5 m/sec 
800-900 °K 

and Lucca [19] . 


Because the solid fuel and the gaseous oxidizer enter 
the oxidation zone from opposite directions, all of the char 
is consumed in accordance with Eg. (2) before the oxidation 
zone moves forward. Therefore, the oxidation velocity, v, is 
proportional to the initial oxygen mass flux, with the 
proportionality constant determined by stoichiometry 
[1,19]. Because v is several orders of magnitude smaller 
than the gas velocity, u if the oxygen mass flux in a frame 
of reference moving with the oxidation zone is 
approximately, Y o ^0Pg^u^ [16]. Thus, 

^oi lo)i ^ 1 (3-3) 

V = v 0 m7 (1-0)6; * 

3 

Typically, Y o ^0.23 f ~ 0*005 m/s, kg/m , and 

P . a* 40 kg/m^, resulting in oxidation velocities on the 
* si 

order of 10” 5 m/s. For the same conditions, smolder 
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velocities encountered in cocurrent smoldering are more than 

50 times larger [19]. In a frame of reference moving with 

the oxidation zone, the gas phase mass flux, mg, is an order 

* // 

of magnitude larger than the solid phase mass flux, m s . 
Setting Y oi =0. 23 and representing oxidation with the 
reaction, C+02*+C0 2 , Eq. (3-3) yields mg/nig ^ 0 . 08 . Neglecting 
terms involving frig considerably simplifys the governing 
equations. Also, since the solid density based on total 
volume, ( 1- (f>) ^si ' is much greater than 0/^ gi , the energy 
stored in the gas phase is negligible when compared with 
that stored in the solid phase [20,24]. 

Additionally, the solid phase is assumed continuous 
with a constant void volume fraction. The propagation of the 
smolder wave is approximated as one-dimensional. Fick's Law 
is used to model the diffusion of oxygen. Radiation heat 
transfer is incorporated using the diffusion limit. The gas 
and the solid are assumed to be in local thermal 
equilibrium. Energy transport due to concentration 
gradients, energy dissipated by viscosity, work done by body 
forces and the kinetic energy of the gas phase have been 
ignored. The quantity, is taken to be constant. This is 

a reasonable assumption because the mass diffusivity of 
oxygen in air, D, increases with temperature and decreases 
with pressure [37], It is also assumed that properties, such 
as the gas phase thermal conductivity, k g , the solid phase 
thermal conductivity, k s , the gas specific heat, c g , and the 
solid specific heat, c s , remain constant. 



2.2 CASE I: No Residual Ash 


2.2.1 Governing Equations 

After the initiation of smoldering, the coordinate 
system moves with the char oxidation region. In this moving 
frame of reference, solutions are steady in Region III (x<0) 
in Fig. 3-1A. For x>0 (Regions I and II in Fig. 3-1A) , the 
conservation of energy requires 


h-«>6c4J ♦ 


• u *■ 
rn A r 
3 ^ Px 


2 . 2 f 

" 3x 1 






liT 

l J3x 


(3-4) 


where the effective thermal conductivity, k eff = 0k g + 

(1- 0)k s , accounts for heat transfer due to conduction in 
both phases. Radiation heat transfer is incorporated using a 
temperature dependent conductivity, k rad =16fr^ r T 3 /3 , where 
is the radiation path length. For x<0 (Region III in 
Fig . 3-1A) , 
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(3-5) 


Since all of the oxygen is consumed, Y Q =0 for x>0. For x<0, 
conservation of species for oxygen yields 


Conservation of gas mass gives 




(3-6) 




(3-7) 



where H(x) is the Heaviside function, which vanishes for x<0 
and is equal to 1 for x>0. Noting that all of the incoming 
solid is consumed in the oxidation zone, Eq. (3-1) yields 

(1- HU-viQiii , f«' x>0 

(3-8) 

O for X £ O 

Because the pressure changes by only a small amount for 

these very porous systems [1] , the ideal gas law gives 

P RT=P , thus completing the preceding set of equations. 

I 9 cl 

The following boundary conditions are imposed on 
Eqs . ( 3-4 to 3-7): as x*-<*>, T-*^, Y **Y oi and m g -* m gi ; as 
x +oo, dT/dx-*0. The temperature is continuous across both 
interfaces. Because mg<<m g , m g is approximately continuous 
across both interfaces. It is assumed that smoldering begins 
when the temperature of the x=0 interface reaches a critical 
value, T ig >T p >T i . However, only an approximate value for T ig 
is needed since the solutions are independent of the initial 
conditions as t+OO . Conservation of energy at the x=0 



interface gives 


I + i ^]rJ " *3?! + ea ' (T »- T ' ) 

4 t=o t X*o- 


x~o 

where T m is the temperature at x=0. Thus, the maximum 
temperature, T m , is determined by balancing the energy 
transported downstream, by conduction and radiation, and the 


energy conducted upstream, radiation heat losses from the 
x=0 interface, the energy released in the oxidation zone and 
the external heat flux. Motion of the pyrolysis front is 
calculated by equating the energy consumed by pyrolysis and 
the net energy transported to the pyrolysis zone, giving 


tw + ^ ] 

}J\ - 

aj 

1 

L 1-~ ( Qp 

ax ) 

4 

K-L' . 


(3-10) 


where Vp= dL/dt+v and L is the distance between the two 
reaction regions. Initially, both the temperature and the 
oxygen concentration are uniform. That is, T(x,0)=T^ and 
Y o (x,0)= Y q ^. After smoldering is initiated, Y Q (0,t)=0. 
2.2.2 Dimensionless Governing Equations 

A dimensionless temperature is defined by T=(T-T^)/T C . 
Setting T C =T^ makes T of order one and eliminates the 
parameter, T c /Tj_, which arises from the nonlinear terms in 
the governing equations. The oxygen mass fraction, Y Q , the 
gas density, j^ g , and the gas mass flux, m g , are normalized 
by their initial values. A characteristic distance, 


- 


• n >- 


and a characteristic time. 


-- 


K 


eff 


(3-11) 


(3-12) 


are chosen by balancing terms in Eq. (3-4) . Typically, 
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Ui -0.005 m/sec, -v 1 kg/m 3 , (1- *- 40 kg/m 3 , c s ~c g 

1 kJ/kg K, and k eff ~ 0.05 W/m K, giving x c ~0.01 m and t c ~ 

80 sec. Thus, the ratio, x c /t c ~ 0.013 cm/sec, is of the same 
order as v p (see Table 3-1). This is to be expected because 
v„ is determined by heat transfer considerations and both x„ 
and t c were chosen to make terms in the energy equation of 
order one. 

For x>0, conservation of energy requires 


^ "3T 


p fLL /VU ~ 
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(3-13) 


and for x<0. 


r j\ I , = 21 

tf * Ti f ^ « 


iZl 

3x' 


& s C-1 


(3-14) 


Since all of the oxygen is consumed, Y o =0 for x>0. For x<0, 
conservation of species for oxygen yields 





Conservation of gas mass requires 

r [i - If * H* = °- 

Equation (3-8) yields 

l - d-V) mi-O , -fo. x> o 

^ \ 0 , fo/ XiO 


(3-15) 


(3-16) 


(3-17) 
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TABLE 3— II: Dimensionless parameters governing forced 
countercurrent smoldering combustion. In addition to the 
following parameters, the void volume fraction, , the 
irradiation time, t e , the ignition temperature, T ig , and the 
pyrolysis temperature, Tp, must be specified.. 



Q Hn 


Dimensionless measure of the heat 
released per mass of oxygen 
consumed (varies from 0 to 20) 



2z- 

CjTj 


Dimensionless measure of the 
energy consumed by pyrolysis 
(varies from 0.25 to 1) 


( 


Js_ 


Dimensionless thermal thickness 
in Region III (varies from 0.5 
and 0.7) 


- *«£, 



3 


Modified Lewis number (usually 
lies between 1.9 and 3.0) 


Dimensionless radiation 
conductivity (less than 0.1) 



• n 




ii 




External heat flux measured 
relative to the total energy 
released in the reaction zone 



Dimensionless measure of the 
energy radiated to the 
surroundings (varies from 0.005 
to infinity) 


C - 

<; - Vcl^C 

C 


Stoichiometric coefficient - ash 


Stoichiometric coefficient - char 
(varies between 0.3 and 0.4) 



TABLE 3-1 I: (cont.) 


■y _ Vo&> 

Vo Mp Co^ 


Dimensionless char oxidation 
velocity (varies from 0 to 1) 


t- 


Gas phase response time divided 
by the solid phase response time 
(less than 0,04) 



In dimensionless form, the ideal gas equation of state is 
Pg(l+T)=l. The dimensionless smolder velocity, v= vt c /x c , 
equals V after the onset of smoldering and is zero 
beforehand. 

The following boundary conditions are imposed on Eqs. 
(3-13 through 3-16) : as *T -K), Y Q -V 1 and "m^-V 1 ? as 

x-t + cO , dT/dx -VO. Both temperature and the gas mass flux 
are continuous across the interfaces. Conservation of energy 
across the x=0 interface gives 




, L 51 ♦ 

X -0 




* i si n- l8 , 

No- 
where T m is the temperature at"x=0. The temperature of the 
pyrolysis zone is held fixed, T(L,t)= and the motion of 

this front is determined by 



Initially, T(x,0)= 0 and Y o (x,0)= 1. After smoldering is 
initiated, Y o (0,t)=0. 

The dimensionless parameters appearing in the preceding 
equations and typical values of these parameters, estimated 
from properties provided in the literature [19,20,45-48], 
are given in Table3*H. The quantity, "X , represents the 



ratio of the gas phase response time to the solid phase 
response time and is always less than 0.04 for the fuels of 
interest. As discussed in the following section, this fact 
leads to considerable simplification in the governing 
equations because solutions in Region III in Fig. 3-1A are 
steady when "T" is small. 

2.2.3 Quasi-Steady Equations 

Terms in Eqs. (3—14 through 3—16) involving time 
derivatives can be neglected because T is always less than 
0.04. This result is in agreement with the findings of 
Ohlemiller and others [1,20,24], who reported that the gas 
phase can be considered quasi-steady in many smoldering 
combustion applications. Setting T equal to zero in Eq. 

(3-16), integrating once, and combining with Eq. (3-13) , 





(3-20) 


Equation (3-14) yields an explicit expressions for the 
temperature in Region III in Fig. 1A (x<0) , 

_ %/* 

T - “TV* e 


After smoldering is initiated, Eq. (3-15) gives 
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Combining Eqs. (3-18,3-21,3-22) , 

[l * (1 +\.?) El --t, 1 < 1 * If- 1] 

x-o + 

-TU ^ - D«.Qp H (?«-?) . (3-23) 

Equation (3-23) determines T m while "v is given by 
Eq. (3-19) . 

2.3 CASE II: Ash Layer Building Below Smolder Wave 

After the initiation of smoldering, the coordinate 
system moves with the char oxidation zone. As the oxidation 
front propagates upward, an ash layer of height, h(t)=vt, 
builds below the smolder wave - see Fig. 3-1B. Because the 
governing equations for Case II are very similar to those 
for Case I, only dimensionless equations are presented in 
this section. Relevant dimensionless variables are defined 
in the preceding section and the dimensionless parameters 
appearing in the following equations are listed in Table II. 
As discussed previously, the gas phase response time is much 
smaller than the solid phase response time (that is, T «1) . 
Consequently, the temperature in Region IV in Fig. 3-1B, the 
oxygen concentration, and the gas phase mass flux profiles 
are steady. Conservation of energy in Regions I through III 
in Fig. 3-1B gives 

% S ’ h 5 3 (3-24) 
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while in Region IV, 

_ - x/4 

r= t h e . 


(3-25) 


The temperature at"x=-h, T h (t), will be determined by 
applying the conservation of energy at the "x=-h interface. 
After smolder initiation, conservation of species for oxygen 


yields 


■for X > O 


* U 


(3-25) 


(3-27) 


Y 0 - V 1 - e . , -fo < 

{ i - (F' TV)U ^ f., X L-l 

Equations (3-1, 3-2) determine the solid density. 


1 - Cl’ o H Cl-*} , *>° 

® ^ "fo* X ^ — K 


The following boundary conditions are imposed on 
Eq. (3-24) : as x -*>-», "T-^0 ; as x-*+ 0, dT/dx -*0. The 
temperature is continuous across all of the interfaces. 
Before smolder initiation, conservation of energy across the 
x=0 interface requires 

[l* 




- Q e J» H l+e -i) 


:3-26) 






immediately after smolder initiation { — ). With D co =12, D cp =0.3, 
i=0.7, N r = 0 , Q e = 1, Q r =0.02, s c * 0 . 3 , V=0 . 2 , and T_=f irr = l. 
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After initiation, conditions at x--h and x-0 are 


[i ♦ * t k + [U *Xf- 1] 

*--o* 



respectively. Equations (3-29,3-30) determine T h and V 
Motion of the pyrolysis front is still governed by 
Eq. (3-19) . Consideration of an ash layer introduces one 


additional parameter, s a . 

3.3 SOLUTIONS 

3.3.1 CASE Is No Residual Ash 

Techniques for solving partial differential equations 
with moving interfaces have been developed within the 
context of freezing and thawing in cold climates [44] and 
the charring of solids during a fire [41] . The time-explicit 
finite difference scheme presented by Lundarini [44] is 
utilized to solve Eqs. ( 3-20 ,3-21,3-24) . Temperature profiles 
after the onset of smoldering for typical values of the 
dimensionless parameters are shown in Fig. 3-2. The maximum 
temperature, "T m , reaches a steady value before t-2.5. A plot 
of t (t)/T m (^o) is given in Fig. 3-3 for two cases: (1) the 



DIMENSIONLESS RADIATIVE LOSSES , Q R ^ co 

FIG • 3-4: Setting T equal to the dimensionless maximum 
temperature, T m , gives T m versus dimensionless radiative losses, 
Q r D CO ' parameterized in the dimensionless heat release, D co . 
Setting T equal to the ignition temperature, "T^g, and replacing 
D co with QE,min D co ( the minimum external heat flux that will 
produce smoldering) gives T ig versus Q R D co for various QE,min D co 
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external heat flux is turned off at t=t e =1.0 (solid line) ; 
(2) the heat flux is turned off immediately after smolder 
initiation (dashed line) . Radiation and conduction heat 
transfer from the oxidation zone to the pyrolysis front 
becomes small when the dimensionless distance between the 
two reaction regions is large - that is, when L>>1. 
Neglecting terms on the left hand side of Eq. (3-23) , as 
t -too , 

* T*. . (3 ' 31) 

Because QrD co is usually greater than 0.15 and T m ~2, the 
first term on the left hand side of the above equation is an 
order of magnitude larger than the second and consequently, 
T^Q" 174 -! , or in dimensional form, T m*(Q^oi/ Thus, 

as a first approximation, the peak temperature is determined 
by balancing the heat released in the reaction zone and 
radiation heat losses from the x=0 interface. Typically, Q ~ 
12.3 kJ/gm of 0 2 , Y oi ^0.23, m^ ~0.006 kg/m 2 s and £^0.9, 
giving T m /*490^C. Because a small portion of the energy 
released is used to preheat the incoming gas, the peak 
temperature will be slightly lower than this value. 

A plot of "T m versus Q$p co for various values of D co is 
shown in Fig. 3-4. Smoldering will only occur when"T p ( = l) < 

T < ^fi ame / where "T flarne is a critical temperature above 
which flaming is observed. Figure 4 also demonstrates the 
relationship between the ignition temperature, T^g, 


and the 
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minimum external heat flux, timin' that will produce 
smoldering (replace T with T ig and D co with QE,min D co^ * Note 
that QE,min found b Y setting ’f m =T i g and d"T/dx|__^= 0 in 
Eg. (3-23) , giving 


Dco - t q r -d co \( 1 r f^ H - 1] . 


When either the ignition temperature, T^ g , or the radiation 
heat losses, QrD co , increase, a greater amount of energy 
must be supplied to the bottom of the material to produce 
smoldering. 

Integrating Eq.(3-13) from x=0 to "x=L and combining the 
resulting expression with Eq. (3-19) provides an expression 
for v p . 



+ Vf p | 

1 -l* 


(3-33) 


Of the energy that is transferred downstream from the char 
oxidation zone (see the first two terms on the right hand 
side of the above equation) , only a portion is consumed in 
the pyrolysis reaction region. Most of the energy is stored 
in the hot char in Region II in Fig. 3-1A [1], a small 
fraction is used to preheat the unburnt solid in Region I 
and the remainder is consumed in pyrolysis. As t-foo, 



0 . 


0.2 0.3 

INLET GAS VELOCITY, \i ± [cm/sec] 

FIG. 3-5: Predicted (— ) pyrolysis velocities, Vp(t-roo), 
versus initial gas velocity, u^, for cellulosic insulation with 
(l-0)^ si = 34 kg/m 3 , c s =2.4 kJ/kg, Q p =0.37 kJ/gm, s c = 0.3, T m =1.8 and 
Tp=l. Shown are measurements [19] between thermocouples 1 and 2 
(A) and between 2 and 3 ( + ) - thermocouples 1,2 and 3, were 
placed 7.5 cm, 10.1 cm and 11.4 cm, from the bottom, respectively. 
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radiative and conductive heat transfer downstream from both 
reaction regions is negligible, and Eg. (3-34) gives 



f 






(3-35) 


Thus, energy consumed in the pyrolysis zone and stored by 
the hot char is supplied only by gas phase convection in the 
limit t"+ . A reasonable approximation for the second term 

on the left hand side of the above equation is 



Combining Eqs. (3-35 ,3-36) , gives 


& 

if 


♦ V 


( T »-Tj pW ^ v 

^p) + 1 *p 


(3-37) 


As t-yoo , the pyrolysis velocity approaches a constant value 
which, in general, differs from the char oxidation speed. 
Because the two reaction fronts move at different 
velocities, no steady solutions exist and countercurrent 
smolder propagation is inherently unsteady. Predicted 
v p (t4o0) are compared with measurements by Ohlemiller and 
Lucca [19] in Fig. 3-5. 

Self-sustaining countercurrent smoldering is not 
possible when dL/dt<0, corresponding to 


C 3 ^„-V) 


Q P 


<• V, 






(3-38) 
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Solutions do not exist when the energy convected downstream 
from the oxidation zone is insufficient to drive the 
pyrolysis front. 

3.3.2 CASE II: An Ash Layer Builds Below Smolder Wave 

Results presented in this section are restricted to 
small values of the stoichiometric coefficient, s a . In 
Region III in Fig. 3-1B (-h<x<0) , the term involving the time 
derivative in Eq.(3-24) is small when s a <<l (note that ]> s =s a 
in Region III). Thus, T is steady in Region III when s a <<l. 
When the thickness of the ash layer is much greater than x c , 
radiation heat losses from below are negligible. The 
residual ash serves as insulation, leading to high peak 
temperatures. The dimensionless temperature of the oxidation 
zone, *T m , approaches D co as t+oo. For Y oi ~0.2, T m ~2,500 
C. Such high temperatures will produce flaming combustion in 
most materials of interest [1] . In the absence of radial 
heat losses, temperatures encountered in the countercurrent 
configuration are much higher than those in cocurrent 
smolder. This is due to the role of gas phase convection. 

For countercurrent smolder, hot gases produced in the 
reaction zone flow into the unburnt solid, serving to 
preheat the incoming fuel. While in cocurrent smolder, gas 
phase convection carries energy out of the system. When an 
ash layer builds below the smolder zone, Eq.(3-37) still 
determines the pyrolysis velocity , "v p (t-* ) . Because T^ 

D co , Eq. (3-37) now gives 



Ap - D„V 
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dl 

df 


D C p t- D co 


(3-39) 


Since D^/D-- is fairly large, on the order of 10, Eq. (3-39) 

V V V P 

yields dL/dt^l. In dimensional form. 


— > P, ' U ‘ % (3-40 

Jf a-f>)Cu<-s ■ 

Typically, ^5 X 10 ^ m/s , ( 1- $ ) ~ 40 and c s ^ c g , 

giving dL/dt <vl0 ^ m/s. Note that v ^3 X 10 m/s for this 
case, so VpV 1.3 X 10 - ^ cm/s. 


3.4 CONCLUSIONS 

A model of unsteady, countercurrent smoldering 
combustion propagation has been developed. The proposed 
application is an experiment for use on the Space Shuttle. 
Due to the microgravity environment, propagation of the 
smolder wave was assumed to be one-dimensional. Radiation 
heat transfer was incorporated using a diffusion 
approximation. Smoldering combustion was represented using a 
two step mechanism, which consisted of a pyrolysis reaction 
followed by a char oxidation reaction. A "flame" sheet 
approximation was used to model the oxidation zone and it 
was assumed pyrolysis occurs at a known temperature, Tp. In 
general, the two reaction fronts moved at different 
velocities and countercurrent smolder propagation was 
unsteady. Two cases were considered: (1) no residual ash. 
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O M —Of and complete consumption of the char ? and (2) an 
y a a 

ash layer forming beneath the oxidation zone, due to either 
production of ash during oxidation, y a M a ^0, or leakage of 
char through the reaction zone. 

Explicit expressions were derived for the char 
oxidation velocity, v, the maximum temperature, T m , and the 
pyrolysis front velocity, Vp, in the limit of long time. Key 
results included: (1) v is linearly proportional to inlet 

oxygen mass flux, with the proportionality constant 
determined from stoichiometry ; (2) in the absence of radial 

heat losses, Vp approaches a constant value which is, in 
general, different from v ; (3A) for the no residual ash 

case in limit of long time, T m is determined by a balance 
among the energy released in the oxidation region, the 
energy required to preheat the gas and radiation heat 
losses ; (3B) when an ash layer builds below the smolder 
wave , radiation heat losses from the bottom are negligible 
in the limit t-fOo and T m is higher than in the no ash 
case ; and (4) self-sustained countercurrent smoldering 
combustion is only possible when Cg (T m -Tp) /Qp> 

Y -V , i * e • solutions cease to exist when the 

energy convected by the gas phase is insufficient to drive 
the pyrolysis front. 

The need for further experimental investigation of 
countercurrent smoldering cannot be overemphasized. Such 
experiments are necessary both to test the present model and 


to guide future theoretical work. Especially important is 
the transition to flaming combustion. Results from this 
study indicate that such a transition is more likely in 
materials which form a residual ash. It is anticipated that 
these materials will be readily identified experimentally. 
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CHAPTER 4 

FREE COCURRENT SMOLDERING COMBUSTION 
4.1 INTRODUCTION 

A schematic of the problem under consideration is shown 
in Fig. 4-1. The free cocurrent smoldering analysis 
presented in this chapter is very similar to the forced flow 
study in Chapter 2. The only difference is that in free 
flow, the inlet gas velocity, u^, is determined by balancing 
buoyancy and drag forces while in forced flow, u^ is known a 
priori. Cocurrent smolder propagation under free flow 
conditions is highly dependent on the magnitude of the . 
buoyant forces due to the oxygen-limited nature of 
smoldering combustion [19,20]. Since all of the oxygen 
reaching the reaction zone is consumed, the total heat 
release is approximately proportional to the incoming oxygen 
mass flux, m^. Increasing the buoyancy force increases u^, 
raising m^ and leading to higher temperatures and faster 
smolder spread [19] . 

Buoyant forces, which are proportional to the product 
9 ( Pgi" /g ) , can be controlled experimentally by varying 
either the gravitational acceleration, g, or the density 
difference, fgi~ fq m T ^ e latter approach is followed in the 
work presented here. By changing the ambient pressure, the 
density of the gas and consequently the buoyancy force is 
varied. The rate of smolder spread through the porous fuel 
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FIG. 4-1: Configuration of interest. 
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(alpha-cellulose) is obtained from the temperature histories 
of thermocouples placed at fixed intervals along the 
centerline of the material. A chimney, which fits on top of 
the fuel container (see Fig. 4-1) , enhances the buoyantly 
driven flow of oxidizer through the porous fuel and prevents 
the diffusion of air to the top surface of the combustible 
material. Both the smolder velocity and the peak temperature 
are found to increase as the ambient pressure is increased. 

A model of cocurrent smoldering combustion under free 
flow conditions is also presented. In one dimension, the gas 
velocity is determined from the conservation of gas mass — 
as a function of the inlet gas velocity, u^. Because the 
pressure varies by a small amount over distances comparable 
the thickness of the smolder wave in the very porous fuels 
of interest [1] , the transport equations can be solved 
before considering the momentum equation. Explicit 
expressions for the smolder velocity, v, and the final 
temperature, T f , were derived in Chapter 2 by using 
activation energy asymptotics. Both eigenvalues, v and Tf, 
are functions of u^. The quantity, u^, is estimated by using 
an integral momentum analysis. Good agreement between the 
predictions and the measurements is observed. 


4.2 ANALYSIS 

4.2.1 Governing Equations 

Equations (2-4 through 2-13) govern cocurrent smolder 
propagation. Typical properties of a bed of alpha-cellulose 


TABLE 4-1: Properties of a packed bed of alpha-cel lulose . a 


0 

0.82 

Psl 

620 

c s [kJ/ (kg K) ] 

0.84 

k eff [W/m K] 

0.050 

k rad* T i) [ w / m K J 

^0 

E [kJ/mole] 

180 

Q [kJ/kg] 

12,500 

JX a^ [10^Newton-s/m^] 

3.0 b 

Z [10 6 m 1 * 5 /kg°* 5 K°* 5 s] 

3 d 

a 

0.5 

b 

1 

c 

0.5 


1.4 




a. Properties given in refs. [28,40], 

b. Darcy drag coefficient determined by matching predicted 
and measured smolder velocities for cocurrent smoldering 
of a 4 cm packed bed of alpha-cellulose (under free flow 
conditions) . 

c. Shown in paranthesis is the Darcy drag coefficient 
determined by direct measurement w- 

d. Pre-exponential factor determined by matching predicted 
and measured final temperatures for cocurrent smoldering 
of a 4 cm packed bed of alpha-cellulose (under free flow 
conditions) . 
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are given in Table 4-1. The oxygen mass flux, which appears 
in the boundary condition in Eq. (2-11) , is not known a 
priori in free flow because it depends on the inlet gas 
velocity, u^. A global momentum analysis is used to 
determine u^ in this section. In the absence of an imposed 
pressure gradient, the conservation of momentum requires 
ho-KtL f V '»~ V>+L 


ho-U + L r h <> nTW 


(4-1) 


-V* 

where L is the chimney height, h is the height of the virgin 
solid and h Q -h is the char height - see Fig. 4-1. The 
quantity, i^ a d , is the proportionality constant in Darcy's 
Law. While the flow resistance, a d , is lower in the char 
layer, the gas phase velocity is higher. The latter is due 
to both gas expansion and generation in the reaction zone. 
Therefore, it is assumed that a d u remains constant. A step 
change in ^ from fa to fqf occurs at x=0. Assuming that 
the flow resistance in the solid is much larger than the 
resistance in the chimney, the dimensionless initial 
velocity, u’^=u^/u c , is given by 


l + T 


where a characteristic velocity, 

u c - . J-k] 

c a . L K J 


(4-3) 



TABLE 4-II: Dimensionless parameters affecting the smolder 
velocity, the final temperature and the gas velocity. In 
addition to the following parameters, r eq , a, b, and c must 
be specified. 




c eH~ r i 


Dimensionless measure 
of the energy released in 
the reaction zone (varies 
from 0 to 40) 


3 


Dimensionless radiation 
conductivity (usually less 
than 0.1) 


/$ 


/ 


✓w 

A 



Dimensionless activation 
energy (varies between 50 
and 70) 


ft t>,T 


Dimensionless pre- 
exponential factor 
(usually lies between 10 
and 10 10 } 


8 
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has been chosen by balancing buoyancy forces and drag 
forces. In the experiments presented here, L/h Q -*10. When 
L>> h Q , Eg. (4-3) yields, 


. - ^ 9 L (4-4) 

4 . 2.2 Asymptotic Solution of the Transport Equations 

For cellulose, the Zel'dovich number, ft = $ T f /(1+T f ) , 

is on the order of fifteen [28]. Because of the Arrhenius- 


type dependence of the reaction rate on temperature, 
relatively small changes in temperature can lead to large 
changes in the reaction rate. Under such circumstances, it 
is reasonable to assume that the oxidation reaction is 
confined to a thin region in which the source terms in the 
governing equations are balanced by diffusion [2,3]. In the 
outer regions, convection and diffusion balance. The final 
temperature is determined by matching the inner solution 
with the outer solutions. The details of this matching 


process are available in Chapter 2. Dimensionless parameters 
governing cocurrent smolder propagation under free flow 
conditions are listed in Table 4-II. The dimensionless final 
temperature, *T f = (Tf-T^ /T ± , is determined by 



1 ' (l»T t r 


cO 




where 


Ut 

•> t-i- • 




(4-6) 



t 2.0 


g 1.5 


DIMENSIONLESS PRE-EXPONENTIAL, Ji X 10~ ±v 


FIG. 4-2: Dimensionless final temperature, Tf, versus the 
dimensionless pre-exponential , .A , parameterized in the dimen- 
sionless activation energy, fof , and the dimensionless radiation 
conductivity, N R , with a=0.5, c=0.5 and r pa =0. 



7 

6 

0'= 50 


DIMENSIONLESS PRE-EXPONENTIAL, A * 10' 


FIG, 4-3: Normalized initial gas velocity, "u^, versus the 
dimensionless pre-exponential , A , parameterized in the dimen- 
sionless activation energy, ft*, and the dimensionless radiation 
conductivity, N R , with a=0.5, c=0.5 and r^„=0. 
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Equations ( 4-2 , 4-5 , 4-6 ) determine Tf and u^. In most 
cocurrent smolder combustion applications r the inverse 
equivalence ratio, r 0q = )) US M US € 0 ^ ^o M o^usi' is sma11 
[9,19,20]. As r eq -*0, f (b,r eq ) -* 0.5. 

4.2.3 Final Temperature, Initial Gas Velocity, and Smolder 
Velocity 

For small values of the inverse equivalence ratio, r eq , 
the dimensionless final temperature, T f , and the normalized 
initial gas velocity, u^, are independent of the constant, 
b, and r eq . In the limit r eq -*0, both "T f and *7^ depend on 
five parameters, the dimensionless radiation conductivity, 
N r , the dimensionless activation energy, p , the 
dimensionless pre-exponential, Jl, and the constants , a and 
c - see Eqs. (4-2, 4-5, 4-6) . Figure 4-2 illustrates the 
variation of with N R , $ , and A , for a= 0.5 and c= 0.5. 
Note that "Tf decreases logarithmically with .7L. Thus, for a 
given fuel, T f depends only on the characteristic oxygen 
mass flux, m GC ^ Y oi ' increasing logarithmically with 
m oc . Buoyancy affects Tf through u c , which is proportional 

to the product, g/gi* Consequently, rriQ C is proportional to 

* " a 

the square of the ambient pressure - that is, m QG /«gP a . 

As shown in Fig. 4-3, u^ is weakly dependent on A * nd 
N r . For a particular fuel, u.j_, is fairly constant. Over a 
wide range of conditions, u^r 0.6 + 0.1. That is, setting u^ 
equal to 0.6 usually introduces less than a 15% error. As a 
first approximation, u^jy 0.6u c , where u c is determined from 
Eq. (4-4) . Consequently, Uf is approximately proportional to 



D c = 20- 
D c * 15- 
D c = 10- 


DIMENSIONLESS PRE-EXPONENTIAL, A X 10 


FIG. 4-4: Normalized smolder velocity, v, versus the dimen- 
sionless pre-exponential, -A. , parameterized in the dimensionless 
heat release, D c , with 0=70, a=0.5, c=0.5, N R =0 and r ea =0. 
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the characteristic buoyancy force, g/* gi . 

A normalized smolder velocity, v=v/v c , is given by 



where a characteristic smolder velocity. 


Q m" 


V/- - — 


0 1 


(4-8) 


is defined by the balancing the energy released in the 
reaction zone and the energy required to raise the 
temperature of the solid from to Tf. For a given solid 
fuel, v is affected by two parameters, the dimensionless 


pre-exponential , A, which is inversely proportional to 


•// 


m 


oc 


( =Y oi/^i u c ), aR d t ^ ie dimensionless heat release, D c , which 
is proportional to Y 0 ^. A plot of v versus Ji , parameterized 
in D c , with fJ /= 70, a=0.5, c = 0.5, N R =0, and r eq =0, is shown 
in Fig. 4-4. Decreasing D c leads to lower values of v. 
Smoldering extinguishes when D c =Tf, corresponding to”v=0. 
Because v varies slowly with A, v ^v c . Using Eqs . (4-4 , 4-8) , 


V 




(4-9) 


The smolder velocity varies quadratically with the ambient 
pressure and varies linearly with the gravitational 
acceleration (that is, v/*gP a ). 
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FIG. 4-5: Experimental 
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4.3 EXPERIMENTS 

Experiments are performed to determine the effect of 
ambient pressure, and consequently of buoyancy, on the rate 
of smolder spread through a porous combustible material. A 
schematic diagram of the experimental installation is shown 
in Fig. 4-5. The experiments are carried out in a 
cylindrical pressure vessel, 1.8 m in diameter and 3.3 m 
long. A vacuum pump or a compressor is used to set the 
vessel pressure below or above atmospheric pressure. The 
oxygen concentration in the vessel can be varied by adding 
oxygen or nitrogen from pressurized bottles. Acrylic windows 
located at opposite sides of the vessel provide optical 
access to the test area. The fuel/container unit is held by 
a frame in the middle of the test area, avoiding obstruction 
of the flow of air in and around the fuel container. 

The porous fuel is contained in a vertical Pyrex 
cylinder, 0.07 m in diameter and 0.16 m long. These 
dimensions, in particular the cylinder diameter, are 
selected to reduce to a minimum, the depletion of oxygen in 
the vessel during the fuel combustion process, while 
ensuring a one-dimensional smolder spread process in a 
region of at least 2 cm in diameter around the cylinder 
axis. Small holes placed longitudinally along the side of 
the cylinder allow the positioning of thermocouples or gas 
sampling probes in the porous material. A nichrome wire 
electrical ignitor can be positioned at the top or the 
bottom of the cylindrical container to initiate the 
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smoldering process. As an alternative ignition method, an 
easily ignitable fuel (for example, cellulose soaked in 
heptane) is thinly spread on top of the porous material and 
ignited with a small pilot flame or a spark. Flaming 
combustion of the volatile fuel initiates the smoldering 
combustion of the porous combustible. A chimney, 0.33 m long 
and 0.03 m in diameter, tapered at the bottom to a diameter 
of 0.07 m is fitted on top of the fuel container. The 
chimney is used to both enhance the buoyantly driven flow of 
oxidizer through the porous fuel and to prevent the 
diffusion of air to the top surface of the combustible 
material. The fuel container and the chimney are insulated 
with a fiber-glass jacket to reduce heat losses to the 
environment. 

The rate at which smoldering spreads is measured from 
temperature histories of the thermocouples embedded in the 
porous fuel with their junction placed at fixed distances 
along the cylinder axis. Four Chromel-Alumel thermocouples, 
0.8 mm in diameter, are embedded in the porous fuel at 5 or 
10 mm apart. The emf from the thermocouples is amplified to 
volt levels and processed in a real time acquisition 
microcomputer. With the fuel temperature histories, the rate 
of spread of smoldering combustion is calculated from the 
time lapse of reaction zone arrival to two consecutive 
thermocouples, and the known distance between thermocouples. 
The arrival of the smolder reaction zone at the thermocouple 
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position is characterized by a maximum in the temperature 
profile. Under most experimental conditions this maximum is 
not sharply defined, introducing inaccuracies in the 
definition of the smolder front arrival time and 
consequently in the calculation of the smoldering spread 
rate. In spite of this problem, the thermocouple probing 
method is considered one of the most accurate methods to 
measure the rate of smolder spread. 

4.4 RESULTS AND COMPARISON 

Results presented in this work are from experiments 
conducted using alpha— cellulose powder as a porous 
combustible fuel. A fixed amount (by weight) of alpha- 
cellulose was loosely packed in the cylindrical container 
filling a constant volume, thereby keeping an approximately 
constant void volume fraction. The cellulose was supported 
at the bottom by a wire mesh which was attached to the 
cylinder surface 40 mm from the top of the cylinder. The 
upper cellulose surface was kept flush with the top cylinder 
rim. This 40 mm cellulose bed height was found to be the 
maximum at which the present experimental configuration 
could operate. For larger bed heights, the pressure drop 
through the porous solid is too large to be overcome by the 
chimney generated buoyancy, particularly at pressures below 
atmospheric. The resulting buoyantly induced flow of air is 
not large enough to sustain the progress of the smolder 
reaction. Although longer fuel beds could be tested by 
increasing the chimney height, the 40 mm fuel height is 



properties given in Table 
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sufficient to provide the information sought in this work. 
All of the experiments were conducted with an approximately 
constant void volume fraction of 0.82. The void volume 
fraction was estimated from weight of the alpha-cellulose, 
the volume it occupies and the cellulose density given in 
Table 4-1. After coating the alpha-cellulose with a thin 
layer of gold, an electron microscope was used to 
investigate the structure of the material. At a 
magnification of 300 X, it was seen that the material is 
formed by long, interlaced, cellulose fibers. In the absence 
of reliable experimental data, photographs, such as the one 
shown Chapter 2, can be used to estimate various properties, 
including the Darcy drag coefficient, a d , and the radiation 
path length, fl r . 

Measured peak temperatures at two thermocouple 
locations are presented in Fig. 4-6, for various values of 
the ambient air pressure. For these measurements, four 
thermocouples were placed, in most cases, 5 mm apart from 
each other with the first thermocouple located 15 mm from 
the top of the cellulose surface. In a few tests, the 
thermocouples were positioned at distances 10 mm apart. Peak 
temperatures predicted by the theoretical model, with the 
parameters given in Table 4-1, are also shown in Fig. 4-6. 
The value of the activation energy given in Table 4-1 was 
suggested by Moussa et al [28] , who modelled smolder spread 
in horizontal, cylindrical, cellulose fuel elements. Because 




bed of alpha-cellulose with the properties given in Table 
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char oxidation occurs on the outer surface of the cylinder, 
Moussa et al represented the reaction rate by an overall 
Arrhenius expression based on the surface area of the 
cylinder. Consequently, there is some uncertainty in the 
precise value of the pre-exponential factor in Eq.(2-10), 
for this reaction rate expression is based on a volumetric 
basis and the oxidation reaction occurs well within the 
outer boundaries of the porous solid. The value of the pre- 
exponential factor given in Table 4-1 was selected by 
matching calculated and measured peak temperatures at one 
point. Because the distance over which buoyancy acts is much 
larger than the thickness of the alpha-cellulose bed, the 
peak temperature is fairly constant as smolder wave 
propagates. As shown in Fig. 4-6, there is very little 
difference between the peak temperatures at the second and 
fourth thermocouples. Overall, there is good qualitative 
agreement between the peak temperatures predicted by the 
theoretical model and those determined from experiments. 

Measured rates of smolder spread through the alpha- 
cellulose bed Are presented in Fig. 4-7 for several ambient 
air pressures. The smolder velocities were calculated from 
the outputs of the second and fourth thermocouples, which 
were placed 20 mm and 30 mm below the top surface of the 
cellulose bed, respectively. These thermocouples were chosen 
because they provided the most reproducible data. As is seen 
from the experimental data plotted in Fig. 4-7, there is 
scatter in the measurements, particularly at the higher 
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ambient pressures. This scatter is primarily attributable to 
inaccuracies in the determination of the time at which the 
smoldering front arrives at the thermocouple location in 
question. These errors are especially noticeable at higher 
pressures because the smolder velocity is higher. Small 
variations in the cellulose void volume fraction and 
uncertainty in the precise location of the thermocouples 
also contribute to the scatter in the data. 

For comparison purposes, theoretically predicted 
smolder velocities are also presented in Fig. 4-7. Because 
of uncertainty in the Darcy drag coefficient during smolder 
propagation, the value used in these calculations was 
selected by matching the predicted and measured smolder' 
velocities at one point. Although the comparison between 
theory and experiments can only be viewed as qualitative, it 
is seen from Fig. 4-7 that the theoretical model predicts 
very well the general trend of the experimental results, 
with slower smolder spread as the ambient pressure 
decreases. As discussed earlier, both the total heat release 
and the smolder velocity are proportional to inlet oxygen 
mass flux. Diminishing either the gas velocity or the 
density of the oxygen reduces the amount of oxygen reaching 
the reaction zone, leading to smaller smolder velocities. 
Decreasing the ambient pressure has two major effects. 
Firstly, the buoyancy force is lessened, leading to lower 
air flow velocities. Secondly, the density of oxygen is 



VOID VOLUME FRACTION, <t> 


FIG. 4-8: Measured {♦) inverse Darcy coefficients, 
for various void volume fractions, (f) , and a quadratic fit (— -) 
through the data. Also shown is the theoretical value ( A ) 
obtained by matching predicted and measured smolder velocities. 
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reduced. Consequently, the smolder velocity decreases 
quadratically with the ambient pressure. Measurements for an 
alpha-cellulose bed support this hypothesis - see Fig. 4-7. 

Experimentally determined Darcy drag coefficients are 
exhibited in Fig. 4-8 for several values of the void volume 
fraction [49] . These experiments were conducted in the 
absence of combustion. A fixed amount (by weight) of alpha- 
cellulose was placed in a bed of roughly the same depth (40 
mm) as that used in the smoldering combustion experiments. 
The Darcy coefficient was estimated by imposing several 
known pressure drops through the porous solid and measuring 
the resulting air flow velocities. Also shown in Fig. 4-8 is 
the value of the Darcy coefficient calculated by matching 
predicted and measured smolder velocities for a void volume 
fraction of 0.82. This value is in close agreement with the 
direct measurements, supporting the hypothesis that the 
product of the Darcy drag coefficient and the gas velocity, 
a^u, remains constant - see section 4.2.1. 

An interesting experimental observation is that 
smoldering combustion does not spread at ambient pressures 
below 0.6 atmospheres. Recall that the extinction limit 
proposed in section 4.2.3 predicts that, for a given initial 
oxygen mass flux, there is a critical oxygen concentration 
below which steady solutions do not exist. Smolder 
propagation will cease when all of energy released in the 
reaction zone is used to heat the incoming gas. However, 
because heat losses have been ignored in the analysis , this 
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limit does not give a critical ambient pressure below which 
smoldering extinguishes. The total heat released in the 
reaction zone decreases quadratically with the ambient 
pressure. When the heat release is of the same order of 
magnitude as the heat losses, smoldering propagation will 
stop. This result is also valid for laminar premixed flames 
[2,33] . 

Therefore, there exists a critical oxygen flow rate, 
which depends on the magnitude of the heat losses, below 
which smoldering extinguishes. For the experimental 
apparatus employed in this study, utilizing an alpha- 
cellulose fuel with void volume fractions equal to or 
smaller than the one used here and an air oxidizer, 
smoldering combustion will not take place if species 
diffusion is the only mechanism to transport the oxidizer to 
the reaction zone. This result is especially important for 
the potential development of the smoldering combustion 
process under micro— gravity conditions, in space vehicles 
for example, since buoyancy forces are negligible. Under 
such circumstances, cocurrent smoldering combustion will 
extinguish unless the oxidizer is transported by a forced 
air flow. 

4.5 CONCLUSIONS 

A model of one— dimensional , steady, cocurrent 
smoldering combustion under free flow conditions has been 
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developed. Smoldering was represented using a finite-rate, 
one-step reaction mechanism. Explicit expressions for the 
smolder velocity, the final temperature and the initial gas 
velocity were derived. Smolder velocities and peak 
temperatures predicted by the theory for a packing of alpha- 
cellulose were compared with experimental results for values 
of the ambient pressure ranging from 0.6 to 1.2 atmospheres. 
Primarily because of difficulty in accurately determining 
the time at which the smolder front reaches a particular 
thermocouple location, there is scatter in the experimental 
data. This scatter is especially noticeable at pressures 
above atmospheric. Overall, there is good qualitative 
agreement between predictions and measurements. 

Smoldering combustion propagation is highly dependent 
on a steady flow of oxidizer reaching the reaction zone. 
Both experiments and theory suggest that the smolder 
velocity increases approximately linearly with the oxygen 
mass flux, while the final temperature increases fairly 
slowly (in fact, logarithmically) with this flow rate. 
Extinction is observed to occur if the flow rate is below a 
critical value. This indicates that, at least for alpha- 
cellulose with void volume fractions equal to or smaller 
than the one tested in this work, diffusion of oxidizer 
toward the reaction zone is not a sufficient transport 
mechanism to sustain the cocurrent smoldering combustion 
process. This result is particularly important for natural 
convection smoldering combustion under microgravity 
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conditions since buoyancy forces are very small, and the 
oxidizer can only be transported to the reaction zone by 
diffusion. The present study suggests that for cocurrent 
smoldering combustion to occur in a microgravity 
environment, a flow of oxidizer must either be forced 
through the fuel, or the porous fuel must have a large void 
volume fraction, a small Darcy coefficient, a low activation 
energy and a large effective thermal conductivity. That is, 
the solid fuel must present minimum obstruction to the free 
flow of gases, and it should possess properties that favor 
the transport of heat and mass by diffusion. 

However, the present work can only be viewed as 
preliminary. Heat losses from the sides of the cylinder must 
be included in the analysis to accurately predict the 
extinguishment of cocurrent smoldering combustion. A 
detailed experimental investigation of the smolder 
extinction process is needed. Experiments with other porous 
fuels must be undertaken to determine the generality of the 
conclusions reached in this study. In particular, accurate 
determination of the conditions at which smoldering 
combustion will occur in a microgravity environment is 


necessary. 
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CHAPTER 5 


FUTURE RESEARCH 


5.1 INTRODUCTION 

Further theoretical and experimental investigation of 
both cocurrent and countercurrent smoldering combustion is 
anticipated. The goal of this research program is to design 
a smoldering experiment for use on the Space Shuttle. The 
current ground based experimental program will be continued 
through the next grant period. Before making further 
refinements in the theory, measurements are needed to test 
the current analytical models. Of particular interest is the 
one-dimensional propagation assumption. It is anticipated 
that purely 1-d propagation will only be possible in a 
microgravity environment. After establishing the range of 
validity of the 1-d approximation, simplifications in the 
chemistry and the effect of variable properties will be 
scrutinized. Comparisons between theory and experiments will 
hopefully lead to refinements in the current analytical 
models. A discussion of the proposed experiments and 
possible comparisons between existing theory and future 
measurements follows. 

Many materials can sustain smoldering combustion. 
Smoldering has been observed in coal [3,4], cotton [5,6], 
paper [7], wood [12-14], thermal insulation materials [15] 
and various dusts [16,17], Additionally, smoldering 
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combustion can occur in different foams, including PU16 [29] 
and PT34 [29] foams. Product Research Committee foams GM-21 
[29] and GM-25 [20] , all of which are flexible polyurethane 
foams, and the rigid isocyanurate foam designated GM-41 
[19] . However, GM-21 and PT34 foams will undergo self- 
sustained smoldering only when they are covered with cotton 
fabric [29] . A discussion of the ability of rigid and 
flexible polymer foams to smolder is given by Ohlemiller and 
Rogers [9] . Because comparisons between theory and 
measurements are sought, only materials whose properties are 
readily available in the literature will be utilized as 
fuels in the proposed experiments. Detailed smolder reaction 
mechanisms are available for alpha-cellulose [28] , a GM-25 
flexible polyurethane foam [20] , wood dust [32] and 
cellulosic insulation materials [46] . These mechanisms are 
discussed in Appendix A. 

Several researchers [19,22,23] have investigated 
smoldering combustion in the cocurrent configuration 
experimentally. Rogers and Ohlemiller [22] measured the 
smolder velocity, v, and the final temperature, T^ , in a PRC 
GM-25 polyurethane foam. While holding the ambient pressure, 
P a , fixed at 1 atm, the initial oxygen mass fraction, Y Q ^, 
was varied from 0.18 to 0.44 for two values of the initial 
gas velocity, u^, 0.04 and 0.15 cm/sec. Resulting v ranged 
from 0.0056 to 0.022 cm/sec, and increased approximately 
linearly with the initial oxygen mass flux, m^. The final 
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temperature, Tf, increased slowly with m o; ^, varying from 410 
to 490 °C. Ohlemiller and Lucca [19] studied the cocurrent 
smoldering of cellulosic insulation materials and of a 
polyisocyanurate polymer, PRC foam GM-41. The latter was 
mechanically ground into particles with a mean diameter of 
several hundred microns. Both Y Q ^ and P a were held fixed at 
0.23 and 1 atm, respectively, while u^ was varied from 0.04 
to 0.77 cm/sec, yielding v ranging 0.004 to 0.04 cm/sec. 
Dosanjh et al [23] considered the free cocurrent smoldering 
of a packing of alpha-cellulose fibers. While fixing Y Q ^ at 
0.23, P a changed from 0.5 to 1.2 atm, giving v between 
0.0007 and 0.002 cm/sec. 

Relatively little attention has been given to 
smoldering combustion in the countercurrent configuration 
[1] . Ohlemiller and Lucca [19] , who studied the 
countercurrent smoldering of cellulosic insulation, measured 
the char oxidation velocity, v, the pyrolysis front 
velocity, v p , and the maximum temperature, T m , as u^ changed 
from 0.15 to 0.49 cm/ sec, with Y Q ^ and P a fixed at 0.23 and 
1 atm, respectively. Both v, which ranged from 0.001 to 
0.0029 cm/sec, and v p , which varied from 0.003 to 0.014 
cm/sec, increased roughly linearly with u^, while T m , which 
fell between 540 and 590°C, was independent of u^. 

The need for detailed experimental study of the 
transition of smoldering to flaming is clear. Because 
interest in smoldering is in large measure due to fire 
safety concerns, a good fundamental understanding of the 
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transition to flaming is essential. Unfortunately, very 
little is known about this phenomenon. In a recent review 
article, Ohlemiller [1] states that "transition to flaming 
has only been superficially explored experimentally and not 
modeled at all." In passing, Rogers and Ohlemiller [22] 
noted that flaming was observed during the cocurrent 
combustion of a GM-25 polyurethane foam when Y Q ^ was above 
0.6 and extinction occurred for Y Q ^ below 0.1. However, no 
data was presented to support these claims. Moussa et al 
[28] and Ortiz-Molina et al [29] , who studied smolder spread 
in horizontal, cylindrical, alpha-cellulose and polyurethane 
fuel elements, reported that flaming occurred when the 
oxygen partial pressure was raised above a critical value. 
This critical value decreased as the oxygen mole fraction 
was increased. 

5.2 EXPERIMENTS 

Experiments will be performed on cocurrent and 
countercurrent smoldering combustion of porous fuels under 
forced flow conditions. These experiments will take place in 
a large pressure chamber in which variations in gravity can 
be simulated by varying the buoyancy force, g ( P gi ~ fq) > b Y 
changing the ambient pressure, P a - note that the gas 
density is linearly related to P a through the ideal gas law. 
The porous fuel is placed in a vertical pyrex cylinder, >10 
cm in diameter and >20 cm tall. Thermocouples placed 
approximately one centimeter apart along the centerline of 
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this cylinder are used to determine the temperature 
histories inside the cylinder. Reaction zone propagation 
velocities are obtained from these temperature histories and 
the known distances between thermocouples. Forced flow 
conditions will be generated using a small scale combustion 
tunnel which will be totally contained within the pressure 
chamber. This tunnel consists of a small settling chamber 
connected to the test section by a converging nozzle. The 
flow of oxidizer is induced with a low power compressor. The 
flow is controlled and metered with a mass flow controller 
activated by a microcomputer (which is also utilized for 
data acquisition). An electrically heated wire grid is to be 
used as a planar ignition source. 

Reaction zone propagation speeds and peak temperatures 
will be determined for a wide range of conditions. Several 
materials, including alpha-cellulose beds at different 
packing densities and polyurethane foams, will be utilized 
as fuels. The inlet gas velocity, u^, the initial oxygen 
mass fraction, Y oi , and the ambient pressure, P a , will be 
varied independently. As discussed in the introduction, the 
effect of modifying Y oi and on propagation velocities and 
peak temperatures has been studied previously [19,22]. 
Consequently, the emphasis of the proposed experiments will 
be on quantifying the effect of altering P a . Only P a greater 
than 0.5 atm will be considered, for at very low pressures 
the reaction rates are strongly dependent on P a - As P a 
decreases, buoyant forces, which are proportional to P a , 
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become less important. It is anticipated that there will be 
better agreement between theory and measurements at lower 
values of P because, strictly speaking, the one-dimensional 
propagation assumption is only valid in a microgravity 
environment. Moreover, comparisons between measurements and 
predictions at various P a will establish the range of 
validity of the one-dimensional propagation approximation. 

Extinction of smoldering can be investigated in both 
configurations. Unlike countercurrent smolder, smoldering in 
the cocurrent configuration becomes steady in a relatively 
short period of time [19] . Consequently, initial experiments 
will focus on the cocurrent configuration. An extinction 
limit will be identified by performing experiments at a wide 
range conditions and noting when smoldering extinguishes. 
When the results of these experiments are plotted in the 
three dimensional space consisting of the regions Y Q ^>0, 

U: >0 and P-,>0, an extinction surface can be defined for each 
fuel under consideration. For a given fuel, self-sustained 
smoldering combustion is only possible for points above its 
extinction surface. Determination of such an surface 
requires considerable trial and error. However, 
considerable simplification is possible, for in the one- 
dimensional propagation models neither u^ nor P a appear 
independently, only their product appears. Therefore, when 
two or three dimensional effects are unimportant, the 
extinction surface collapses onto a line in the coordinate 
system with axes Y oi >0 and u i P a >0. Future experiments will 
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identify critical values of P a below which smoldering 
extinguishes by fixing Y Q ^ (and u^) and lowering P a until 
extinction occurs. This critical value of P a will decrease 
as Y Q ^ increases. 

At the opposite extreme, raising either Y Q ^, u^ or P a 
can lead to flaming combustion. The transition of smoldering 
to flaming will be studied experimentally in both 
configurations. In the countercurrent configuration, flaming 
is much more likely when a residual ash forms beneath the 
the smolder wave. This residual ash serves as insulation, 
and its formation leads to considerably higher temperatures. 
Different porous fuels will be classified according to their 
ability to produce such an ash. For each fuel under 
consideration, an attempt will be made to identify a 
critical temperature, Tfiame' above which flaming combustion 
is observed. Provided that such a critical temperature can 
be identified, the analytical models developed in Chapters 2 
and 3 can be used to determine a flaming limit by setting 
the peak temperature predicted by these models equal to 
Tfiame* Determination of such a limit is discussed in the 
following section. 

5.3 COMPARISONS WITH THEORY 

Possible comparisons between the measurements described 
in the previous section and the existing theory are 
discussed in this section. In the forced countercurrent 
smoldering experiments, the char oxidation velocity, v, the 
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pyrolysis front velocity/ v p f an< ^ the maximum temperature/ 

T m , are to be measured as a function of P a at various fixed 
values of u.^ and Y oi . These measurements will be compared 
with the theoretical results presented in Chapter 3. For 
one-dimensional countercurrent smolder, the dimensionless 
oxidation velocity, V, is given by 

_ Sox C 3 (5-1) 

V e N\ 0 •> 

where v has been normalized by x c / t c , with x c =k ef f /m gi c g and 
t c =x^ (1- $ ) /^ s i c s /k e ff . The maximum temperature is highly 
dependent on the magnitude of heat losses from the bottom of 
the fuel . When a residual ash layer builds below the smolder 
wave (Case II), such heat losses become negligible as 
and "Tjjj approaches l/D co , where D co (=Q Y 0 i/ c g T i) is a 
dimensionless heat release. For the no residual ash case 
(Case I) , as t->°° , T m is determined by 

where Q R (=£0^/0^) is a dimensionless measure of 
radiation heat losses from the bottom. For several fuels of 
interest, Q * 12 kJ/gm of 0 2 [28,39]. A plot of T m versus the 
inlet oxygen mass flux, m”^, parameterized in the initial 
oxygen concentration, Y Q ^, for Q=12 kJ/gm and f =0.9, is 
shown in Fig. 5-1. As t*too , the dimensionless pyrolysis 
speed, Vp=v p t c /x c , approaches 
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FIG. 5-2: Predicted pyrolysis velocities ( — ) in the limit 
t -' e °' and char oxidation velocities ( — ) , as a function of inlet 
oxygen mass flux, m 0 ^, for M “ A S’ 
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Fie. 5 - 3 : Predicted pyrolysis velocities (“•) in the limit 
t-» 0O, and char oxidation velocities ( — )» as a function of inlet 
oxygen mass flux, m^, for alpha-cellulose with a void volume 
fraction of 0 . 82 . 
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FIG* 5-4: Predicted pyrolysis velocities ( — ) in the limit 

t -toO , and char oxidation velocities ( — ), as a function of inlet 
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oxygen mass flux, m oi , for wood dust with a void volume fraction 
of 0.8. 
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_ CT^-Tp) ^cpV (5-3) 

P CT^-Tp^+D c p o 

where D__ (=Q_/c_T i ) is a dimensionless measure of the 

P P O -L 

energy consumed by pyrolysis and "t is the pyrolysis 
temperature. Plots of v p (t-*oo) and v versus m^ for GM-25 
polyurethane, alpha-cellulose and wood dust are shown in 
Figs. 5-2, 5-3 and 5-4, respectively. Oxidation velocities, 
pyrolysis front velocities and maximum temperatures 
calculated from Eqs. (5-1, 5-2, 5-3) will be compared with 
measurements . 

Forced cocurrent smoldering experiments will resolve 
the dependence of the final temperature, T^, and the smolder 
velocity , v, on the ambient pressure, P a . In purely one- 
dimensional cocurrent smolder, the dimensionless final 
temperature, (T^-T^) /T^ , is determined from 


-s. P _ _ w 

K llt-N*(UT t rJ 


__ a * £ p} 


-fi'/n 

€ 



(5-4) 


where N R ( = 16<r^ r / 3k eff ) is a dimensionless radiation 
conductivity, £^(=E/RT^) is a dimensionless activation 

energy and -A. , which is inversely proportional to the 

• // 

initial oxygen mass flux, m Q ^ (see Table 2-III) , is a 
dimensionless pre-exponential factor. Plots of Tf versus the 
inlet oxygen mass flux, m^, for GM-25 polyurethane and 
alpha-cellulose are given in Fig. 2-8. A characteristic 
smolder velocity, v c = Q^oi^ /^i c ef f ' i- s chosen b Y 
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balancing the total energy released with the energy required 
to preheat the solid and the dimensionless smolder velocity, 
v=v/v c , is given by 


V 






(5-5) 


where D c ( =Q Y 0 i/ c e f f T i^ a dimensionless heat release. 

A plot of smolder velocity versus dimensionless pre- 
exponential , A. , for polyurethane is shown in Fig. 2-9. 

Final temperatures and smolder velocities calculated from 
Eqs . (5-4 , 5-5) will be compared with the measurements. As the 
pressure is lowered, better agreement between predictions 
and measurements is expected because buoyancy becomes less 
important. 

Comparison of the measured extinction limit in forced 
cocurrent smoldering with the theory is complicated by the 
fact that heat losses from the sides of the fuel cylinder 
often play an important role near extinguishment [2] . When 
such losses are important, the final temperature is still 
determined by Eq.{5-4) but the dimensionless smolder 
velocity, v=v/v c , is now 


V 


■f - ■ x> ■ 

- 1 L j Lit f Ht^+T’jjT ^ ,5 - 6) 


o 
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where q L ( = 4hk eff T 5 /d (Qm^) 2 ) is a dimensionless measure of 
the radial heat losses and d is the diameter of the 
cylinder. Smoldering can be extinguished either by lowering 
Y oi , which reduces D co , or by decreasing m^, which 
increases q^. As Y 0 ^ is diminished, a greater portion of the 
energy released in the reaction zone is used to preheat the 
gas and consequently, less energy is available to preheat 
the solid. Decreasing mj^ decreases the total amount of 
energy released in the reaction zone and once again, less 
energy is available to preheat the solid. By comparing 
predicted and measured smolder velocities near 
extinguishment, the range of validity of the extinction limit 
defined by setting v=0 in Eq. (5-6) will be established. 

Recall that for each fuel under consideration, an 
attempt will be made to identify a critical temperature, 
Tfiame' a bove which only flaming is observed. If such a 
critical temperature can be determined, a flaming criterion 
for forced cocurrent smolder can be defined by setting 
T f =Tfi aine in Eq. (5-4) . For countercurrent smolder, the 
predicted flaming limit will depend on whether a residual 
ash layer builds below the smolder wave. When an ash layer 
forms (Case II) , flaming will occur when D co >l/T flame (that 
is, whenever Y Q ^ is above a threshold value). For the no 
residual ash case (Case I) , a flaming limit can be 
established by setting T m =T fi a me *- n E< 3-( 5 “ 2 )* 
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CHAPTER 6 


CONCLUSIONS 


6.1 SUMMARY 

Smoldering combustion propagation through very porous 
solid materials has been modeled. The proposed application 
is an experiment for use on the Space Shuttle. Due to the 
microgravity environment, smolder propagation was assumed to 
be one-dimensional. Two configurations were considered: 

(1) cocurrent, premixed-f lame-like or reverse ? and (2) 
countercurrent, diffusion-flame-like or forward. Viewed in a 
frame of reference moving the oxidation zone, the solid fuel 
and the gaseous oxidizer enter the reaction zone from the 
same direction during cocurrent smolder, while in the 
countercurrent configuration, the fuel and the oxidizer _ 
enter from opposite directions. Forced and free cocurrent 
smolder as well as forced countercurrent propagation were 
examined. 

In both configurations, the initial oxygen mass flux, 

m^, emerges as a key parameter. Because all of the oxygen 

reaching the smolder zone is consumed, the oxidation 

. n 

velocity, v, increases approximately linearly with m oi . For 
cocurrent smolder, v is determined by a global energy 
balance between the energy released in the oxidation region 
and the energy required to preheat the solid and the gas. 
While for countercurrent smolder, both the oxygen and the 
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char are completely consumed and consequently, v is 
proportional to m^ with the proportionality constant 
determined by stoichiometry. 

The fundamental differences between the two 
configurations follow from the change in the oxygen flow 
direction. In cocurrent smolder, energy is transferred from 
the oxidation zone to the pyrolysis region by conduction and 
radiation. Gas phase convection carries energy upward and 
out of the system. Provided that the inlet gas velocity 
varies slowly, cocurrent smolder reaches a steady state. On 
the other hand, in countercurrent smolder, energy is also 
transferred from the oxidation zone to the pyrolysis front 
by gas phase convection. Because convection is a long range 
"force", the pyrolysis front reaches a steady velocity which 
is different from the oxidation velocity when radial heat 
losses are negligible. Thus, countercurrent smolder is 
unsteady. Because energy convected by the gas phase preheats 
the solid fuel in countercurrent smolder, temperatures 
encountered in this configuration are usually higher than 
those in the cocurrent configuration. 

An analytical model of both forced and free cocurrent 
smolder combustion was presented. Propagation of the smolder 
wave was assumed to be steady in a frame of reference moving 
with the wave. Smoldering was represented by a finite-rate, 
one-step, oxidation reaction and radiation heat transfer was 
incorporated using a diffusion approximation. The 
dimensionless equations were very similar to those governing 


the propagation of a laminar premixed flame. A 
straightforward extension of the activation energy- 
asymptotics analysis presented by Williams yielded an 
expression for a dimensionless eigenvalue, A, thus 
determining the final temperature, Tf. A global energy 
balance then determined the smolder velocity, v. Explicit 
expressions were derived for the smolder velocity, v, and 
the final temperature, T f . An approximate extinction 
criterion is identified. 

A model of unsteady, forced, countercurrent smoldering 
combustion was also presented. Smoldering was represented 
utilizing a two step mechanism consisting of a pyrolysis 
reaction followed by a char oxidation reaction. A "flame" 
sheet approximation was used to model the oxidation 
reaction. It was assumed that pyrolysis occurs at a known 
temperature, Tp. Because the two reaction zones moved at 
different velocities, countercurrent smoldering was 
unsteady. Two cases were considered: (1) no residual ash, 
>^M a =0, and (2) an ash layer forming beneath the oxidation 
zone, V a M a /0. The residual ash served as insulation, and 
its presence lead to high peak temperatures. Explicit 
expressions were derived for the oxidation velocity, v, the 
maximum temperature, T m , and the pyrolysis front velocity, 
Vp. Results from the cocurrent and countercurrent analyses 
are summarized in the following section. 
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6.2 RESULTS 

Key results of the forced and free cocurrent and the 
forced countercurrent analyses included: 

6.2.1 Forced Cocurrent Smoldering Combustion 

(1.) For a given fuel, the final temperature depends 

, , , _ __*//, 
only on the initial oxygen mass flux, m Q ^, increasing 

logarithmically with m Q .^. 

(2.) The smolder velocity, v, is linearly dependent on 
m^ and at fixed m 0 ^ , increasing the initial oxygen mass 
fraction, Y oi , increases v. 

(3.) Steady smolder propagation is possible only for 
Y oi2 c ef f ( T f” T i)/Q' with extinction occurring when all of the 
energy released in the reaction zone is used to heat the 
incoming gas. 

6.2.2 Forced Countercurrent Smoldering Combustion 

(1.) The char oxidation velocity, v, is linearly 
proportional to inlet oxygen mass flux, with the 
proportionality constant determined from stoichiometric 
conditions . 

(2.) In the absence of radial heat losses, the 
pyrolysis front velocity, Vp, approaches a constant value 
which is, in general, different from v. 

(3.1) For the no residual ash case, in limit of long 
time (t-*^o), the maximum temperature, T m , is determined by 
balancing the energy released in the oxidation region with 
the energy required to preheat the gas and radiation heat 


losses 
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(3.2) When an ash layer builds below the smolder wave, 
radiation heat losses from the bottom are negligible in the 
limit t 00 and T m is much higher than in the no ash case. 

(4.) Self-sustained countercurrent smoldering is only 
possible when c g (T m -T p ) /Q p > * 0 i' ; us ,l us / Vo M o' and solutions 
cease to exist when the energy convected by the gas phase is 
insufficient to drive the pyrolysis front. 

6.2.3 Free Cocurrent Smoldering Combustion 

(1.) The inlet gas velocity, u^, is proportional to the 
product of the gravitational acceleration, g, and ambient 
pressure, P a . 

(2.) The smolder velocity, v, is proportional to the 
product, gP?|\ 

(3.) The final temperature varies logarithmically with 
o 

the quantity, gP a . 

Experiments are needed to test the predictions of the 
current models. A brief discussion of possible experiments 
is given in the next section. 


6.3 FUTURE RESEARCH 

An outline of the experimental study proposed in 
Chapter 5 follows: 

(1.) Experiments will focus on the countercurrent 
configuration. The char oxidation velocity, v, the maximum 
temperature, T m , and the pyrolysis velocity, Vp, will be 
determined for polyurethane, alpha-cellulose and wood dust. 
Of special importance is the identification of materials 
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that leave no residual ash, for flaming combustion is less 
likely in such materials. 

(2.) Further experimental study of forced cocurrent 
smoldering is anticipated. Both the smolder velocity, v, and 
the final temperature, T f , will be determined as a function 
of the ambient pressure, P a , at various values of the 
initial oxygen mass fraction, Y o; ^, and the inlet gas 
velocity, u^. 

(3.) An extinction limit for forced cocurrent 
smoldering will be identified in the parameter space 
consisting of the regions Y o ^>0, P a >0 and u^>0. 

(4.) For each fuel, an attempt will be made to identify 
a critical temperature, T flame , above which flaming is 
observed. 

Comparisons between the results of these experiments and the 
predictions of current models will be used to establish the 
range of validity of key assumptions in the analyses (such 
as the one-dimensional propagation approximation) . Such 
comparisons will hopefully lead to refinements in the 
theory. 
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APPENDIX A 


CHEMICAL KINETICS 


Reaction mechanisms are presented for the smoldering 
combustion of alpha-cellulose [28] , GM-25 polurethane foam 
[20] , wood dust [32] and cellulosic insulation [46] . Upon 
being heated, the solid undergoes pyrolysis, leaving behind 
a black char. Oxidation of this char provides the energy 
required to sustain smoldering. A typical kinetic model 
consists of at most two pyrolysis reactions and one 
oxidation reaction. In all of these models, oxygen is the 
only gas phase species that participates in the reactions. 
The subscripts, o, us, c and a, refer to oxygen, unburnt 
solid, char and ash, respectively. 

A. 1 ALPHA-CELLULOSE 

Moussa et al [28] investigated smoldering combustion 
propagation in cylindrical, horizontal, alpha-cellulose fuel 
elements. Degradation of the cellulose was modeled utilizing 
two competing reactions , 

)> us (Unburnt Solid) + Q C ^ US M US — V c Char (A-l) 

and 

V us (Unburnt Solid) + Q gp V us M us — + 

Vgp (Gaseous Products) 


( A-2) 
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Reaction rates are of the form, 


./// 


- E/AT 

Y«*P S z e 


(A-3) 


where r is the mass of solid consumed per unit volume per unit 
time, Y P c is the density of the unburnt solid, Z is the 
pre-exponential factor and E is the activation energy. For 
the charring reaction given in Eq. { A— 1 ) , Z= 10® sec 
E= 110 kJ/mole and Q c = 0.37 kJ/ (gm of fuel consumed). While 
for the gasification reaction in Eq. (A-2) , Z= 5 X 10 7 sec , 

E= 130 kJ/mole and Q gp = - 0.14 kJ/ (gm of fuel consumed). 

Oxidation of the char was depicted by 

V c Char + V o 0 2 V gp (Gaseous Products) + QV 0 M 0 ^ (A-4) 

Since the char is comprised primarily of carbon, the above 
reaction can be approximated by C + 0 2 -**C0 2 . The oxidation 
rate was based on the outer surface area of the cylindrical 
fuel element. This rate is given by 


* /// 

r 



-E/RT 

z e 


> 


{ A— 5 ) 


where i is the mass of char consumed per unit area per unit 
time, Y Q is the oxygen mass fraction and P a is the ambient 
pressure. Moussa et al [28] reported that the following 
paramter values gave good agreement between the predicted 
and measured extinction limit: Z = 10^ kg/m^atm^ ^sec , E = 
180 kJ/mole and Q = 12 kJ/ (gm of 0 2 consumed) . 
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A. 2 GM-25 POLYURETHANE FOAM 

Ohlemiller et el [20] modeled the smoldering combustion 
of polyurethane using a two step mechanism consisting of an 
oxidative pyrolysis reaction and a char oxidation reaction, 

)} us (Unburnt Solid) + y ol 0 2 — 

y c Char + y gpl (Gaseous Products) + Qy o i M ol ( A “ 6 ) 

) 

and 

V c Char + y o2 0 2 

y a Ash + y gp2 (Gaseous Products) + QV 0 2 m o 2 ( a “ 7 ) 
Rates of the reactions in Eqs . (A-6 , A-7) are 

r - d-i»l(yo^(y)ze , (»-*> 

and 

N , -e/£T 

f" = (t-G i) (Ho z e (a-9) 

respectively. For the pyrolysis reaction, Z= 3.92 X 10^ 
m 3 / (kg sec) and E= 140 kJ/mole, while for the char oxidation 
reaction, Z= 1.42 X 10^ m 3 / (kg sec) and E= 126 kJ/mole. The 
energy consumed per mass of 0 2 consumed, Q= 7.6 kJ/gm, was 
determined by matching predicted and measured smolder 
velocities. Stoichiometric coefficients are given by: 

VolWus M us- °- 085 ' V C M C / H, S M US - °- 55 ' V , o2 M o / K~ h c- °- 82 ' 
and V a M a /y c M c = 0.27. Because the char oxidation is much 



faster than pyrolysis [20]/ Eqs. (A 6,A-7) can be well 
approximated by 

y us (Unburnt Solid) + )> o 0 2 — + 

V a Ash + ^ gp (Gaseous Products) + QXj m o (A-9) 

with V 0 M 0 /y us M us = 0.54 and >> a M a / V US M US = °* 15 * Moreover, the 
rate at which the above reaction proceeds is controlled by 
the (oxidative) pyrolysis rate. 


A. 3 WOOD DOST 

Leisch et al [32] utilized four reactions to model the 
smoldering combustion of wood dust/ 

'y us (Unburnt Solid) + Q c V us M us ~ r V c Char (A-10) 

y us (Unburnt Solid) -y y gpl (Gaseous Products) 

+OiVM (A- 11) 

y gpl K us us 

) 

}J c Char + ]) o 0 2 -h^ a Ash + Q a >^ c M c (A-12) 

and 

\> c Char + > o 0 2 -+ )l qp2 (Gaseous Products) + Q gp2 V c M c (A-13) 
Pyrolysis reaction rates are of the form 

, . £ /RT 

r : £.)2e , < A - 1 - 4 > 


where r "' is the mass of unburnt solid consumed per unit 
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volume per unit time. For the charring pyrolysis reaction, 

Z= 4.1 X 10 9 sec -1 , E= 105 kJ/mole and Q c = 3.7 kJ/ (gm of 
fuel consumed) . For the gasification reaction given in 
Eq. (A-ll) , Z= 7.8 X lO^sec - ^, E= 105 kJ/mole and Qgpi= 0.14 
kJ/ (gm of fuel consumed) . Because the activation energies of 
these two reactions are equal, Eqs . (A-10 , A-ll) are 
equivalent to 

V us (Unburnt Solid > + Qp^us M us— ► 

y c Char + ygp (Gaseous Products) (A-15) 

where y c M c / ^us M us = °* 34 and Q p = 1 * 2 ^J/ (gm of fuel consumed). 
The rate of the above reaction is still of the form in - 
Eq.(A-14), but with Z= 1.2 X 10 10 sec _1 and E= 105 kJ/mole. 

Oxidation reaction rates are of the form 

- s ( Vo?») Vl ( v c /|') z e « A - 16 > 

where S is the surface area of solid per mass of solid. For 
a packing of spherical particles, S= If /^d p , where d p is an 
average diameter. Kinetic constants for the ash producing 
reaction in Eq. (A-12) are: Z= 1.0 X 10 4 kg/m 2 atm 1 / 2 s , E= 126 
kJ/mole and Q a = 14.7 kJ/ (gm of char consumed). While for the 
gasification reaction in Eq. (A-13) Z= 1.0 X 10 5 kg/m 2 atm 1/r 2 s , 
E= 126 kJ/mole and Q a = 2.1 kJ/ (gm of char consumed). Because 
the activation energies for the two oxidation reactions are 
equal , 
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V c Char + y o 0 2 — * V a Ash + Vgp (Gaseous Products) 

+ QV C M C (A-17) 

where v , a M a /^ gp M gp = 0.1 and Q= 3.4 kJ/ (gm of char consumed). 
The reaction rate is still if the form in Eq. (A-16) , but 
with Z= 1.1 X 10 5 kg/m^atm^-^s and E= 126 kJ/mole. 


A. 4 CELLDLOSIC INSOLATION MATERIALS 

Rogers and Ohlemiller [46] employed a reaction 
mechanism consisting of two consecutive oxidative reactions. 
Reaction rate were of the form 




CM3 -*/RT 

z e 


{ A- 18 ) 


For the first reaction, Z= lO^sec - ^, E= 110 kJ/mole and Q= 
4.2 kJ/ (gm of solid consumed), and for the second, Z= 1.25 X 
10 9 sec -1 , E= 165 kJ/mole and 25 kJ/ (gm of solid consumed). 
Ohlemiller and Lucca [19] reported that only the first 
oxidative reaction is important in cocurrent smolder. 


A. 5 SUMMARY 

Smoldering combustion was represented by a finite-rate, 
one-step, oxidation reaction in the cocurrent analysis in 
Chapter 2. This is a reasonable assumption for alpha- 
cellulose, GM-25 polyurethane, wood dust and cellulosic 
insulation. These materials have oxidation rates of the 
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form 


r 



a 


-e/rt 

z e 

> 


(A-19) 


where is the density of the solid fuel. Typical 

values of the reaction orders a,b,c, and d, as well as E, Q 

and Z, are given in Table A-I. 
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APPENDIX B 

LOCAL THERMAL EQUILIBRIUM BETWEEN PHASES 

In general, two energy equations must be considered, 

one for the solid and one for the gas. When the solid and 

the gas are in local thermal equilibrium (that is, T =T_) , 

s g 

the analysis is considerably simplified. For not only are 
empirical models for the energy transfer between phases 
unnecessary, the two energy equations collapse into one 
equation. In this appendix, a criterion for checking the 
validity of the thermal equilibrium assumption will be 
derived using a Biot number analysis. 

A gas with velocity, u, flows about a spherical 
particle of diameter, dp. The temperature distribution 
inside the particle can be considered uniform at any given 
time as long as the Biot number, Bi= hd_./k_, is much less 
than one. The surroundings are at a uniform temperature, , 
the particle has an initial temperature, T^, and h is the 
convection* coefficient . At time, t, the tempertature of the 
particle is 

T- T» 

T, - To, 

where the response time, = ^c s d p /h, measures the length 
of time it takes for the particle to come into thermal 
equilibrium with its surroundings. When 'X is much smaller 
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than the time characteristic of changes in the gas 
temperature, x c /u, the gas and the solid remain in local 
thermal equilibrium. That is, T s =T g when 

wT . P ± Csudr ^ , 

y c x c K > 

where x c is a distance characteristc of changes in 
temperature. When the Reynold’s number, Re= ud p / \) , is 
small , 


N* - 



A/ 

/V 



Combining Eqs. (B-2,B-3) gives 


(B-3) 


£ Cj, u 


« 1 


(B-4) 


as the criterion for local thermal equilibrium. Typical ly# 

u jyl0~ 3 m/ s , c s kJ/kg and kg^O.03 W/m K. For 
polyurethane, p s *xll00 kg/m 3 , and the criterion is 
d p <<7 X 10~ 4 m while for alpha-cellulose, 500 kg/m 3 , 

giving d D <<10“" 3 m. It is evident from the electron microscope 
photographs of polyurethane and cellulose in Figs.2-2A and 
2-2B that the criterion for local thermal equilibrium is 


approximately satisfied. 
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APPENDIX C 

DERIVATION OF THE TRANSPORT EQUATIONS 

i 

C.l GENERAL ASSUMPTIONS 

The distance characteristic of changes in the pore ’ 

structure of a permeable material, d , is defined as six 

Jr 

times the volume of the solid phase divided by its surface 
area. For a packed bed of spherical particles, dp is the 
average diameter of the particles. The equations governing 
smoldering combustion are amenable to analysis for a 
particular range of d p . If d p is small, on the order of the 
mean free path of the gas molecules, X , the diffusion 
processes become exceedingly complex. There is no hope of 
using formulas as simple as Fick's law of diffusion or 
Fourier's law of heat conduction. On the other hand, when d p 
is large, of the same order of magnitude as x c , the distance 
characteristic of changes in temperature and species 
concentrations, the particles must be considered 
individually [1]. When d p <<x c , the solid phase can be 
considered continuous and average quantities, such as a void 
volume fraction, 0 , and an effective thermal conductivity, 
k 0 ££, can be defined. In the following discussion, it is 
assumed that X << d p << x c* 



C. 2 CONSERVATION OF ENERGY 


The solid phase and the gas phase are assumed to be in 


thermal equilibrium - that is, T g -Tg. A criterion for 
checking the valididty of this approximation is derived in 
Appendix B. Consider a volume of space, V , that is 
stationary relative to the laboratory. The boundary of V is 


A. Neglecting the work done by viscous forces, the 
conservation of energy requires that 


V 


/ \ 


' V 

rate of 


net rate 


net rate 

accumulation 


of internal 


at which 

sof internal 

► = - < 

and kinetic 

► - < 

energy > 

and kinetic 


energy transport out 


diffuses 

energy 


by convection 


out 

t > 

i 

. > 





/ \ 

the rate at 


the rate at 

which the gas 


which energy 

^ does work against 

> + < 

is released * 

surface and body 


by chemical 

forces 

* J 


reactions 


where 


(gas+solid) internal 
and (gas) kinetic 
energy stored in V 


internal and kinetic 
energy of the gas 
phase convected out 


v 

\ l + 

A 
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energy diffusing out 



the rate at which the 
gas does work against 
static pressure 


* 

$ P(i\ - 

A 



the rate at which 
gravity does work 
on the gas 




the rate at which 
energy is released by 
chemical reactions 



In differential form, conservation of energy gives 
"i J 1 ^ * /// 

-^•[ -r ^S + i u ^ 4 ] . IC ' 11 

When the Dufour effect, energy transfer due to concentration 
gradients, is unimportant, the heat flux is 


The effective thermal conductivity, k eff = 0)k g + (1- 0 ) k s , 
accounts for energy transfer due to conduction in both solid 
and gas phases. Neglecting chemical energy, the internal 
energy of the solid phase is 



( C— 4 ) 


and the gas phase enthalpy is 

where Cg is the gas specific heat (at constant pressure) . In 
most smolder applications, the work done by gravity and the 
(kinetic and internal) energy stored in the gas phase are 
negligible [1] . Typically, the ratio of the work done by 
gravity to the energy convected by the gas, x c g/ c gT is of 
e-(10" 7 ) , the ratio of the gas phase kinetic energy to the 
energy convected by the gas, u /CgT^, is of 0X10 ) , and 

the ratio of the internal energy stored in the gas to that 
stored in the solid, 0 f g / ( 1- is of Cf(0.02) . Equation 
(C-l) now gives 

fi •- - ^ 1 * 

+ ^ • <3,., ^ (C-5) 

which is the basis for Eq. (9) in Chapter 2 and Eqs.(4,5) in 
Chapter 3. 



C.3 CONSERVATION OF SPECIES 


C.3.1 Gas Phase 

Conservation of gas phase species requires 


- ^ 
the rate 


the net rate at 


the rate of 

at which 


which species i 

► «L « 

generation of 

species i 


is convected 

T 

species i (by 

accumulates 

t J 


out of V 
> < 


chemical reactions) 

► t 


where 


the mass of species i 
stored in V 


mass of species i 
convected out 


1 ^ 
V 

A 


the rate at which species i 
is generated 


i dv 


In differential form, conservation of species requires 

: - ft, wP lc 

When the Soret effect, mass transfer due to temperature 
gradients, is unimportant, pressure gradient diffusion is 
negligible and the binary diffusion coefficients of all 
pairs of species are equal, the diffusion velocity can be 
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approximated by [2] 


^ (C ' 71 

Equations (C-6,C-7) are the basis for Eqs.(6 f 8) in Chapter 2 
and Eq.(6) in Chapter 3. 

C.3.2 Solid Phase 

Noting that the solid is stationary in the laboratory 
frame of reference, conservation of solid species requires 


rate at which 


* 

the rate at which 

species i 


species i is generated 

accumulates 


(by chemical reactions) 


where 

the mass of species i 
stored in V 


r 

d-<*)p s v iih a v 

V* 


the rate at which species i 
is generated 


^ dv 


In differential form, conservation of solid phase species 
gives 




which yields Eq. (7) in Chapter 2 and Eq.(8) in Chapter 3. 
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Experimental Observations of the Effect of Pressure 
and Buoyancy on Cellulose Co-current Smoldering 

J. L. Newhall, A. C Fernandez-Pello and P. J. Pagni 

Department of Mechanical Engineering, University of California, Berkeley, CA 94720, USA 


An experimental study has been performed to determine the potential effect of bnoyancy on the rate of propa gation of a 
co-current smolder reaction through a porous solid fuel, and the range of Bow velocities where booyancy effKts are 
significant In the co-current smolder reaction, the fuel and oxidizer enter the reaction zone from the same direction. In 
the present experiments this is accomplished by initiating the reaction at the top of the fori! bed, .-ceUulose packed at a 
void fraction 0.85, so that the smokier wave propagates downward opposing an upward forced flow of air. Since in a 
stratified density field, buoyancy is proportional to the product of gravity and density difference, buoyancy can be 
controlled by varying either the gravity vector or the gas density. In this study the latter method is Mowed, trying gas 

density through the ambient pressure at which the experiments are performed. The smolder velocity is meawedfor air 

flow rates varying from 02 to 6 gm' ! s' 1 at constant ambient pressures of 06, 08 and 1 atm. The remits show Ant for 
flow rates larger than 1 g m ' 2 s ‘ 1 the smolder velocity increases linearly with the air flow rate hot is independent of 
pressure. The reaction peak temperature is weakly dependent oa flow rate and independent of pressure. For the present 
experimental conditions the effect of buoyancy is only observed at very low air flow rates. The mechanisms by which it 
affects the smolder process appears to be by altering the transport of air to the reaction zone from upstream and 
downstream of the reaction. 


INTRODUCTION 

Smoldering is defined as a non-flaming, exothermic, 
surface reaction that propagates through a porous com- 
bustible material . 1,2 Although this form of combustion is 
present in a variety of practical combustion processes, it is 
particularly important in the fire-safety field because of its 
role in the initiation of fires. Fires are often triggered by a 
sudden transition from a slow smoldering reaction to 
rapid flaming, quickly involving adjacent materials. Fur- 
thermore, since it may take place in the material interior 
and be of low intensity, it can progress undetected for 
long periods of time, and be difficult to suppress because 
the porosity of the material prevents the access of the 
extinguishing agent to the reaction zone. Thus the under- 
standing of the physical and chemical mechanisms con- 
trolling smoldering is important not only because 
smoldering is a fundamental combustion process but 
because such understanding can be critical to the pre- 
vention and control of destructive fires. 

The basic mechanisms of smolder propagation are 
fairly well understood . 1 The heat released during the 
heterogeneous oxidation of the solid is transferred 
toward the virgin material by conduction, convection and 
radiation, supporting the propagation of the smolder 
reaction. The oxidizer in turn is transported to the 
reaction zone by diffusion and convection. These trans- 
port mechanisms influence not only the rate at which the 
smolder reaction propagates but also the limiting pro- 
cesses of transition to flaming and extinction. Smoldering 
is customarily classified into co-current and counter- 
current configurations, according to the direction in 
which the fuel and oxidizer enter the reaction zone. In the 
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reference frame of the reaction zone the fuel and oxidizer 
enter the reaction from the same side in co -current 
smolder, while in counter-current the fuel and oxidizer 
enter from opposite sides. 

Buoyancy can play a significant role in the above 
transport mechanisms because of the gas density strati- 
fication at the reaction zone. Under natural convection 
conditions, buoyancy interacts with the transport of heat 
and mass by diffusion. At low forced-flow velo<nties it 
interacts with both diffusion and convection. This leads 
to another classification of smoldering according to 
whether the propagation of the smolder front is in the 
same direction (downward) or opposite direction (up- 
ward) as the gravity vector. Most of the experimental 
work that has been done in the past on smoldering 
combustion has focused in analyzing the effect oxidant 
composition and velocity on the smolder reaction 
rate . 3-9 Except for the work of Dosanjh et a /., 1 which 
has a limited scope, no systematic study has been done to 
date of the effect of buoyancy on the smolder combustion 
process. This is the objective of the present investigation. 

Experiments are performed to study the effect of the 
mass flow rate of oxidant and of the buoyancy force on 
the propagation velocity and reaction temperature of a 
downward, co-current, forced-flow smolder reaction. The 
porous combustible is a-cellulose with a fix void fraction 
and the oxidant is air. In the experiment the buoyancy 
force is controlled through the ambient pressure, accord- 
ing to the relation g(p u - p b )~gP{T\>-T„l where the 
subscripts u and b indicate unbumt and burnt gas 
conditions. Since the reaction rate can also depend on 
pressure, the method is best applicable when the chemical 
reaction is not strongly dependent on pressure. As will be 
shown later, this appears to be the case for smolder 
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combustion, thus facilitating the interpretation of the 
experimental results. 


EXPERIMENT 


A schematic diagram of the experimental installation is 
shown in Fig. 1. It consists of a one-dimensional, forced- 
flow, co-current smolder apparatus and the supporting 
instrumentation. The apparatus is contained in a pressure 
vessel 1.8 m in diameter and 3.3 m long that is used to 
control the experiment pressure. Acrylic windows located 
at opposite sides of the vessel provide optical access to the 
test area. The test section containing the porous com- 
bustible is a 0.12 m in diameter by 0.16 m high vertically 
positioned pyrex cylinder. The diameter was selected to 
reduce any two-dimensional effects to a minimum while 
maintaining a laboratory scale. To ensure uniform air 
flow through the test section, the lower end of the cylinder 
is tapered and filled with glass beads. A wire mesh sits on 
the beads and also supports the fueL Small holes placed 
longitudinally along the side of the cylinder allow the 
positioning of thermocouples in the porous material. 

The air flows into the test section from a 51 settling 
tank that is used to provide enough differential pressure 
to overcome the losses through the flow lines and flow 
meters. The air-metering system is composed of a Tylan 
Corporation 1-3 1 min~ 1 mass flow meter and controller. 
The air pressure in the lines after the flow meter and in the 
test section is slightly above (of the order of 10 Pa) that in 
the vessel. To keep the vessel pressure constant during the 
tests and to avoid the flow of combustion products 
through the vessel main vacuum pump, the exhausts from 
the test section are collected in a hood and removed from 
the vessel with a second, smaller, vacuum pump. The 
vessel's pressure is continuously monitored during the 
experiments to ensure that the balance between the inlet 
and outlet flow is maintained. 


The fuel (a-cellulose in these experiments) is pre- 
weighed and placed into a fixed volume in the pyrex 
cylinder to maintain a constant void fraction of 0.85 
throughout the experiments. Five chromel-alumel 
thermocouple probes 0.8 mm thick (wire diameter 
0.12 mm) extending horizontally into the center of the fuel 
bed are placed 2 cm apart, with the first thermocouple 
located 2 cm beneath the top of the fuel bed. The thermo- 
couples are connected through a multiplexer to a real- 
time data-acquisition system, which stores and converts 
the thermocouple emf into temperature. The temperature 
histories from each thermocouple are used to calculate 
the smolder velocity from the lapsed period of smolder 
reaction passage and the distance between thermocou- 
ples. The computed velocity is an average value. At near- 
extinction conditions, the peak temperature decreases as 
the smolder front propagates into the fuel bed (Fig. 3). In 
those cases only the data from the first two thermo- 
couples were used to calculate the smolder velocity. The 
combustion of the cellulose is initiated at the top of the 
fuel bed with a methane flame that impinges uniformly on 
the fuel. The methane is spark ignited with a high-voltage 
induction coil. Initially flaming occurs but quickly dies 
down and smoldering commences. The smolder reaction 
propagates downward opposing the air flow, which is 
forced upward through the porous combustible. The 
resulting smoldering configuration is therefore of the 
downward, co-current type. 


RESULTS AND DISCUSSION 


Measurements are performed of the velocity of down- 
ward co-current smolder propagation through cellulose 
for air mass flow rates ranging from 0.2 to 6 g m " 2 s " 1 for 
fixed pressure levels of 0.6, 0.8 and 1 atm. Two character- 
istic examples of the temperature histories from each 



Figure 1 . Schematic of experimental installation. 
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Figure 2. Temperature histories at intervals of 2 cm for an air mass 
flux of Tt) = 5.7 g m" 2 s’ 1 and an ambient pressure of P - 0.6 atm. 



Figure 3. Temperature histories at invervais of 2 cm for an air mass 
flux of = 0.213 and an ambient pressure of 
P = 0.6 atm. 


thermocouple are presented in Figs 2 and 3. The case of 
Fig. 2 corresponds to a vigorous, constant-velocity, smol- 
der reaction. Figure 3 corresponds to a reaction that is 
weakening as it propagates through the cellulose and that 
eventually extinguishes probably for lack of oxidizer. The 
temperature profiles show how the fuel temperature 
increases as the reaction zone approaches the thermo- 
couple location. As the reaction proceeds past the 
thermocouple a peak in temperature is recorded. This 
temperature is defined in this work as the smolder 
reaction temperature. After passage of the reaction, the 
temperature decreases due to heat losses through the test 
section walls and downstream to the environment After 
the reaction zone has reached the bottom of the fuel a 
second temperature peak is often recorded, generally 
beginning with the lowest thermocouple. This seems to 
indicate the onset of a backwardly propagating second- 
ary reaction involving the residual char. 

The arrival of the smolder reaction at the thermo- 
couple position is characterized by the maximum in the 
temperature profile. This maximum, however, is not well 
defined, which introduces inaccuracies in the definition of 



Figure 4. Variation of the smokier velocity with the air mass flow 
rate for constant pressures of 0.6, 0.8 and 1 atm. 


the smolder front arrival time and, consequently, in the 
calculation of the smoldering velocity. However, if for a 
given flow rate and pressure the smolder velocity is 
constant, the measured temperature profiles at each 
thermocouple location have approximately the same 
slope. Thus the time for the reaction zone to pass from 
thermocouple to thermocouple may be calculated by 
defining a reference temperature common to all the 
temperature profiles. The reference temperature used in 
this work was 500°C. The displacement times are then 
averaged and divided by the known distance between 
thermocouples to calculate the smolder velocity. The 
method is not applicable when the smolder velocity is not 
constant, as is the case represented by the temperature 
profiles of Fig. 3. These cases require a careful exam- 
ination of the temperature profiles to interpret the cha- 
nges that are occurring in the smolder reaction. Since the 
velocity is not constant, only the first two thermocouples 
are used to calculate the smolder velocity. 

The variation with the air mass flow rate of the 
measured smolder velocity is presented in Fig. 4 for the 
three ambient pressures used in these experiments. It is 
seen that the smolder velocity is approximately linearly 
proportional to the air mass flux at least for flow rates 
larger than 1 gm' 2 s ' l . This linear relationship is in agree- 
ment with the theoretical predictions of Rogers and 
Ohlemiller 3 and of Dosanjh and Pagni 11 for forced flow 
co-current smolder. For mass flow rates less than I g 
m~ 2 s' 1 the smolder velocity appears to level off, deviat- 
ing from the linear relationship. This is an indication that 
at this low flow rate buoyancy may have some effect on 
the smolder process and that the transport of mass and 
heat may be controlled by mixed rather than forced 
convection. A mechanism that may be very important at 
these flow rates is the convection and diffusion of air from 
the top back toward the reaction zone. The convection 
currents are buoyantly generated by the raising post- 
combustion gases and the diffusion is the result of the 
difference in oxygen concentration between ambient and 
the smolder zone. 

Results of Fig. 4 also show that for mass flow rates 
larger than 1 gm" 2 s" 1 , the smolder velocity is practically 
independent of ambient pressure at least for the present 
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experimental conditions and range of pressures tested. 
For low flow mass rate it seems that there is a weak 
pressure dependence of the smolder velocity which in- 
creases slightly as the pressure is increased, although the 
data scatter raises questions about the inferred trend. 
These results indicate that the smolder reaction itself is 
not very sensitive to gas pressure and that the observed 
pressure effect at the lower flow rate is due more to 
transport mechanisms (i.e. buoyancy) than to chemical 
kinetic mechanisms. 

The dependence of the smolder reaction temperature 
on the air mass flux is presented in Fig. 5 with pressure as 
a parameter. The scatter in the data is due to the difficulty 
of defining the smolder reaction temperature, chosen here 
as the maximum temperature, and to experimental errors 
inherent in the technique used to measure the temper- 
ature and in the difficulty of packing the cellulose uni- 
formly. These errors include the use of relatively thick 
thermocouples, the presence of heat losses through the 
thermocouples leads and uncertainties in the contact of 
the thermocouple junction with the porous cellulose. For 
this reason, the temperature data should be used to 
analyze relative effects and not absolute values. The 
temperature data of Fig. 5 reveals a moderate dependence 
of the smolder reaction temperature on the air mass flow 
rate, decreasing as the flow rate decreases. This result 
agrees qualitatively with the predictions of Dosanjh and 
Pagni. 11 With regard to the dependence of the temper- 
ature on the gas pressure, no systematic variation is 
observed within the scatter in the data Only at very low 
air flow rates there is indication of a possible weak 
dependence of the smolder temperature on pressure, 
decreasing as the pressure decreases. 

The weak dependence of the smolder velocity and 
smolder reaction temperature on the ambient pressure 
are indicative that the smolder reaction itself may only be 
weakly dependent on pressure, at least for the range of 
pressures tested. The observation of Dosanjh et aL 10 that 
smolder occurs at ambient pressures as low as 0.4 atm 
provides further confirmation of the above conclusion. 
The weak dependence of the smolder reaction on pressure 
may be the result of the surface reaction characteristics of 
the smolder process, which limits the dependence of the 
reaction rate on the gaseous species concentrations to 



Figure 5. Variation of the peak reaction temperature with the air 
mass flow rate for constant pressures of 0.6, 0.8 and 1 atm. 


that of the oxidizer only. Another possibility is that since 
the smolder process is limited by the oxygen supply rate, 
the kinetics of the oxidation process does not have a 
strong influence on the rate of smolder propagation. 

The weak dependence of the temperature on pressure 
permits the direct interpretation of the experimental data 
in terms of the variation of the smolder velocity with 
buoyancy. Assuming ideal gas behavior, the buoyancy 
force can be calculated through the relation £(p u -p b ) 
~gP(T b -T u ), where the subscript u indicates ambient 
conditions and subscript b the conditions after smolder 
reaction passage. Thus the data from Figs 4 and 5 in 
conjunction with the above expression can be used to 
deduce the dependence of the smolder velocity on the 
buoyancy force. The results are presented in Fig. 6, with 
the air mass flux as a parameter. It is seen that buoyancy 
does not appear to influence the smolder velocity except 
for very low mass flow rates, where the data indicate a 
weak dependence of the smolder velocity on buoyancy, 
decreasing as buoyancy decreases. Thus it can be conclu- 
ded that for the present experimental conditions, 
buoyancy has only a minor influence on the smolder 
process, and that theoretical models of forced-flow co- 
current smoldering are applicable to describe the ex- 
periments. The small influence of buoyancy on the pre- 
sent experiments is understandable since the propagation 
of the smolder front is practically unidimensional, the 
density stratification is such that gravity has a stabilizing 
effect, and the motion of the air through the cellulose is 
deterred by its low porosity. The role of buoyancy should 
become more important as the void fraction of the fuel is 
increased or the direction of smolder propagation is 
changed. With cellulose, however, it is difficult to attain 
larger void fractions or to perform the experiments for 
upward propagation. 

The present experimental results can be used to com- 
pare the predictions of the theoretical models of forced 
flow co-current smolder because of the minor role that 
buoyancy places on the process. The analysis of Dosanjh 
and Pagni 11 gives the following expression for the smol- 
der velocity in terms of the air mass flux: 

v QY o< < 

5 (i-^)p si c ef (r b -r u ) (i -*)p„ 



Figure 6. Calculated variation of the smolder velocity with the 
density difference ( p p b ), i.e. buoyancy, for constant mass fluxes. 
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where V 9 is the smolder velocity and the air mass flux. 
For the application of Eqn (1) to the present experiments 
the following data are used: 7, 10 cellulose void fraction </> 
= 0.85: cellulose density p si = 620 kg m ' 3 ; oxygen mass 
fraction 7 o =0.23 ; effective specific heat c ef =lkJ 
kg” 1 °C; reaction temperature r b = 600°C; ambient tem- 
perature 7 U = 20°C; the heat of combustion Q for a 
cellulose smolder reaction is not well known. Its value for 
a flaming reaction is around 12500 kJ kg -1 . 7 However, 
Ohlemiller et al BAZ suggest a considerably lower value. 
Substitution of the above values in Eqn(l) gives a 
smolder velocity of K, = 37m;' in comparison with the 
experimental value of V % = 1 1 m" . If a heat of combustion 
of g = 6000kJkg~ 1 is used, excellent agreement is ob- 
tained between the theory and the experiments. The 
noted differences in the heat of combustion may be due to 
the fact that the amount of char consumed affects the 
calculated value for Q , and this amount is experiment 
dependent. 

Although the value of the heat of combustion has a 
major influence on the predictions of Eqn (1) there are 
also other differences between the model and the ex- 
periments that can explain the quantitative differences 
between the predicted and measured smolder velocity. 
One is the assumption that the char temperature remains 
constant and equal to the reaction temperature. The 
experiments, however, show that the temperature drops 
significantly downstream from the reaction zone (Figs 2 
and 3). How quickly and how much the temperature 
drops seems to depend mainly on the air flow rate. At 
higher flow rates there is sharper and larger fall in 
temperature than that found at lower flow rates. This 
seems to be related to the amount of fuel consumed by the 
smolder reaction and consequently to the residual mater- 
ial left after the smolder reaction passage. At high mass 
fluxes there is less residual char/fuel behind the smolder 
front to insulate the reaction zone. The larger heat losses 
result in larger temperature drops downstream from the 
smolder reaction, contrary to the model assumption that 
the residual material totally insulates the reaction zone. 
The heat losses to the environment result in lower 
smolder velocities than those predicted by the model. 

Another effect to consider is the assumption in the 
model that all the oxygen is consumed by the smolder 
reaction. However, it is not certain that this is true in the 
experiments, particularly at the higher air fluxes, where 
all the fuel is consumed and only ash is left behind the 
reaction. Thus the reaction may not always be oxygen 
limited as assumed in the model, which also will result in 
smolder velocities that are lower than those theoretically 
predicted. Finally, there is the possibility that the actual 
fuel void fraction is dependent on the air flow rate, 
increasing with it, which would affect the comparison of 
the experiments and theory. 


CONCLUSIONS 

The experiments conducted in this work on the down- 
ward propagation of a forced-flow, co-current smolder 
reaction through porous cellulose show that buoyancy 
has a minor influence on the propagation velocity and 
temperature of the smolder reaction. This seems to be the 


combined result of a relatively low fuel void fraction and 
the stabilizing influence that gravity has in this smolder 
configuration. The effect of buoyancy is only observed at 
very low mass fluxes, which is understandable since 
inertial forces are then at a minimum. The mechanism by 
which buoyancy affects the smolder process is, however, 
not evident. One possibility is the generation of flow non- 
uniformities due to heat losses to the walls or irregu- 
larities in the fuel distribution, which would be enhanced 
by the gravity. Another potential mechanism is the 
diffusion and convection of air from the top to the 
reaction zone. This transport process can only occur at 
very low forced mass fluxes, when the upward forced 
convection cannot totally counteract the downward dif- 
fusion and convection of air to the reaction zone. The 
resulting smolder reaction would be a mixed co-current 
and counter-current downward-propagating reaction. 

The above mixed type smolder reaction is quite inter- 
esting, since it is likely to occur in practical situations. To 
observe the relative effect of the transport of air from the 
top to the reaction a few experiments were performed 
where an inverted funnel was placed over the test section 
to accelerate the hot downstream gases and in that way 
prevent the downward diffusion and convection of air to 
the reaction. The result was a noticeable reduction in the 
smolder velocity for a mass flux of 0.5 g m " 2 s" l , and the 
eventual extinction of the reaction for a mass flux of 
0.2 gm~ 2 s" 1 and a gas pressure of 0.6 atm. The temper- 
ature histories for this last case are those presented in 
Fig. 3. The temperature profiles show that the smolder 
reaction was strong when it reached the first thermo- 
couple but that as it progressed downward through the 
cellulose it weakened. This is evident because the smolder 
propagation slowed down, the reaction zone widened and 
the temperature decreased. Finally, at the approximate 
location of the fourth thermocouple the reaction did not 
sustain itself and extinguished. This decay of the smolder 
reaction as it propagated downward through the cellu- 
lose clearly demonstrates that diffusion and convection 
from the top can contribute to sustain the smolder 
reaction. Their contribution, however, is limited by the 
build-up of the residual ash/material layer behind the 
propagating reaction. As this layer grows, or becomes 
denser, the access of air to the reaction from the top 
become increasingly restricted until finally the reaction 
must depend only on the upwardly forced air flow. If this 
flow is not enough to sustain the reaction, extinction will 
occur. 

It should be again emphasized that the results of this 
work, particularly those related to the effect of buoyancy, 
are dependent on the experimental conditions. For ex- 
ample, it is likely that increasing the fuel void fraction, or 
the oxidant oxygen concentration, will vary the nature of 
the results. This is because in the former case the drag 
force would decrease and in the latter the density differ- 
ence would increase, which in both cases would result in a 
more favorable situation for the establishment of natural 
convective flows. 
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ABSTRACT 


An experimental study is carried out to determine the effect of buoyancy on the propaga- 
tion velocity of a free convection smolder reaction through a porous combustible material. 
Measurements are performed of the smolder velocity through polyurethane foam as a function of 
its location in the sample, the sample size, and the direction of propagation. The smolder velo- 
city is obtained from the temperature histories of thermocouples placed at fixed intervals along 
the fuel centerline. Upward and downward burning free convection experiments show that 
buoyant forces cannot overcome the drag forces in specimen longer than 50 mm. Even in speci- 
men longer than 50 mm extinction did not occur, indicating that the air inside the fuel pores pro- 
vides enough oxidant for the smolder process to self-sustain. This conclusion is particularly 
important for a space based environment where gravity and consequendy buoyancy could be 

negligible. 

INTRODUCTION 


Smoldering is defined as a non-flaming surface combustion reaction propagating through a 
porous fuel [1]. Although present in a variety of combustion processes, it is of particular interest 
in the fire safety field because of its role as a potential fire initiation source. Smoldering 
combustion is an oxygen-limited phenomenon which once established it is very difficult to extin- 
guish. Circumstances that would suppress flaming often favor smolder and it is even possible 
for a smoldering combustion process to propagate and persist in the absence of any convection 
(forced or free), therefore it represents a serious fire hazard. Smoldering involves complex 
processes related to fluid mechanics and heat transfer in a porous media together with surface 
chemical reactions. Physical factors like fuel surface area per unit volume, permeability to gas 
flow, rate of heat loss from the reaction zone, and the nature of the ignition source are important 
in determining the smolder characteristics because they affect the controlling mass and heat tran- 
sport processes. Chemically, the porous combustible material can sustain complex surface reac- 
tions that produce heat and combustion products. The interaction between the physical and 
chemical processes determines the final characteristics of the smolder reaction. 

Most of the work that has been done to date on smoldering combustion has concentrated in 
analyzing the effects of oxidant composition, velocity and pressure on the smolder reaction [2- 
8]. The works of Refs. [9,101 are the only ones that specifically address the problem of the 
potential influence of buoyancy on the smolder reaction. In those works powder Cellulose was 
used as combustible porous material. The present study is a continuation of the above works, 
and has as objective to experimentally observe the effect of buoyancy on free convection, co- 
current, smoldering combustion of Polyurethane foam. The interest of using this material is two- 
fold it is a commonly used material, and its structure permits upward burning experiments 
without collapsing problems as it occurs with Cellulose or other lose materials. The study of 
buoyancy effects on smoldering is accomplished here by comparing the smolder characteristics 
of downward and upward smolder propagation. The smolder velocity and temperature are meas- 
ured at different locations in the sample and compared for different sample sizes and for both 


orientations. 


EXPERIMENT 


The fuel used in the experiments is an open cell, unretarded, white polyurethane foam, with 
a 26.5 Kg/m 3 density and 0.975 void fraction. The porous fuel is contained in a vertical paral- 
lelepiped consisting of an aluminum frame and insulation Fiberfax walls whose basic composi- 
tion is alumina-silica and binders. The parallelepiped dimensions are varied to determine the 
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cffcct of scale on the smolder process. The wall material was selected for insulation purposes in 
an attempt to ensure a one dimensional smolder spread in a region of at least SO mm in diameter 
from the sample centerline. The foam ignition is accomplished with an electrically heated 
igniter placed in close contact with the foam. The igniter is made of a nichrome wire placed in 
between two, 1 cm thick, porous ceramic honeycomb plates that provide rigidity to the igniter 
and heating uniformity. To insulate the ignition zone and simulate an ongoing smolder process, 
a layer of char from an already smoldered foam is placed at the other side of the igniter. The 
foam ignition requires a supply of 10.3 J/mm 2 for approximately 10 min. Most of this energy is 
used to heat up the igniter ceramic plates. 

Eight Chromei-Alumel thermocouples 0.8 mm in diameter are embedded at predetermined 
positions in the porous fuel with their junction placed in the fuel centerline. The rate at which 
smolder spreads is measured from the temperature histories of the thermocouples, and is calcu- 
lated from the time lapse of reaction zone arrival to two consecutive thermocouples and the 
known distance between the thermocouples. This velocity is assigned to be the smolder propa- 
gation velocity at the mid point between the two thermocouples. The arrival of the reaction zone 
is characterized by a maximum in the temperature profile. However, under most experimental 
conditions this max imum is not sharply defined, and the location of the solder zone is obtained 
by drawing tangents to the temperature curves and cutting them by a line at a temperature near to 
the maximum (350°C in this work). The smolder velocity is calculated from the time lapse 
between two consecutive intersections. 

In the downward smoldering experiments the foam is ignited at the top and the smolder 
propagates downward, and in the upward smoldering ones the foam is ignited at the bottom and 
the smolder propagates upward. In the former case, the igniter/char layer minimizes the income 
of air from the top, so air is expected to be naturally induced from the bottom toward the reac- 
tion zone and products to leave pass the char toward the top. In the latter case the air is expected 
to come from the bottom but flowing through the char layer toward the reaction zone, and 
the products to flow through the foam toward the top. 

RESULTS 

Experiments are performed for samples with square cross section 152 mm in the side and 
heights of 125 mm, 150 mm, 175 mm, 200 mm, and 300 nun (smaller samples were also tested 
but the results were so influenced by the end effects that did not provided useful information). 
The measured smolder propagation velocities at different positions along the sample are 
presented in Fig. 1 for downward and in Fig. 2 for upward smoldering. The origin of the x-axis 
(labeled Depth) corresponds to the ignition plane. Fig. 1 shows that in downward smoldering 
there is an initial zone, approximately two inches deep, where heat transfer from the igniter 
results in a slightly higher smolder velocity than in the sample center. This zone is followed by 
another one where an approximately constant smolder velocity is observed. The length of this 
region increases with the foam length. Then there is a final zone two inches deep that is charac- 
terized by a strong increase in the smolder velocity. For upward burning (Fig. 2) it can be 
observed a slightly longer igniter affected zone that is followed by another zone were the spread 
rate stays almost constant, and again a final zone were the smolder velocity increases sharply. 

For downward smolder, the buoyant plume generated by the hot combustion gases is not 
able to overcome the pressure drop created by the foam in the initial two zones, therefore the 
reaction sustains itself by mainly using the air contained inside the foam pores. The smolder 
velocity in these zones becomes smaller when the length of the sample is increased, which indi- 
cates that there is always a small amount of air flowing through die fuel from the bottom, either 
by diffusion or natural convection. In the last two inches of foam the buoyant plume is able to 
overcome the pressure drop and naturally induced air reaches the reaction zone, enhancing its 
smolder propagation velocity. 

For upward burning, the reaction products are not able to push their way upward out of the 
foam, and thus the oxygen cannot be buoyantly drawn from the bottom due to the elevated pres- 
sure generated inside the foam by the trapped products. The products dilute the oxygen 
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concentnmon in the foam porous, and therefore a decrease in the reaction rate along with a 
decrease in the smolder velocity occurs. The temperature distributions along the fuel sample 
presented in Fig. 3 clearly show that for upward smolder there is a decrease in the reaction tern- 
^2,1. of the sample. However, in this configuration the products also 

ESSTa larg'er region of the i unbumt fuel. The balance between die lower smolder temperature 
hid the larger preheated region results in an almost constant spread rate, as it is shown in Fig. 4. 
^aSy.^effi burnfthe pressure drop inside die foam 

the sample and thus increasing the oxygen concentration and consequently the smolder tempera- 
ture and velocity. . 

It is important to note that for small samples the end effect is going to be similar for both 
upward and downward smolder. However, as the size of the sample is increased the buoyant 
forces become larger in the upward case, which results in an earlier overcome of the pressure 
drop and an earlier increase in the smolder velocity (Fig. 4). It should be also pointed out that 
the larger smolder velocities in the constant zone obtained for the 300 mm sample are due to end 
effects caused by draft in the hood were the experiments are conducted and not to an actual fuel 
geometry effect In this case the sample was too long for the hood being used in the tests and the 
influence of the drafts that the hood generates was bigger than in the other smaller samples. A 
series of experiments were also carried out without the char layer at one of the igniter sides. For 
^cto^SSdlnd upward configurations smoldered self-susudned l uuttaUy; die downward 
with a constant velocity of 5.10- 3 cm/sec until it extinguished due to heat losses, and the 
upward with a decreasing rate that reached a minimum of 1 x 10“ cm/ sec before extinguishing 
due to depletion of oxygen and heat losses. 

CONCLUSION 

The results of this work show that for the present fuel and test conditions buoyancy has 
only a limited role in one dimensional smolder combustion because the buoyant forces 
by die postcombustion gases arc not capable of overcoming tire pressure losses generated in the 
porous fuel interior. They also show that the air contained in the fuel pores is capableofsustmn- 
mg a smolder reaction that, although weak, is self-propagating. Under these conditions both 
upward and downward co-current smolder have similar smolder velocities. This result is of par- 
ticular interest for the prediction of smolder in a space based environment. 
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ABSTRACT 


An experimental study is carried out of the effect on the 
propagation velocity of a smolder reaction of a forced flow of 
oxidizer opposing the direction of smolder propagation. The 
experiments are conducted with a high void fraction polyurethane 
foam as fuel and air as oxidizer, in a geometry that approximate- 
ly produces a one— dimensional smolder propagation. Measurements 
are performed of the smolder propagation velocity and smolder 
reaction temperature as a function of the flow velocity, location 
in the sample and direction of propagation (downward and upward) . 
For both downward and upward smoldering three zones with distinct 
smolder characteristics are identified along the foam sample. An 
initial zone near the igniter were the smolder process is influ- 
enced by heat from the igniter, an intermediate zone where smol- 
der is self-sustained and free from external effects, and a third 
zone near the sample end that is strongly affected by convective 
currents. The smolder reaction propagation velocity and tempera- 
ture have a direct correspondence and are different in each one 
of these three zones. The variation with the opposed forced air 
flow of the smolder propagation velocity and temperature shows 
that both parameters reach a maximum at flow velocities of ap- 
proximately 2.5 mm/sec. The analysis of the results confirm that 
the smolder process is controlled by the competition between the 
supply of oxidizer to the reaction zone and the loss of heat from 
the reaction zone. At low flow velocities oxygen depletion is the 
dominant factor controlling the smolder process, and the smolder 
velocity and temperatures are small. Increasing the flow velocity 
strengthens the smolder reaction resulting in larger smolder 
velocities and temperatures. At even larger flow velocities 
convective cooling becomes dominant causing the extinction of 
the smolder reaction. These competing mechanisms play a very 
important role in the end region of the sample where buoyancy 
generated currents result in the strong enhancement of the reac- 
tion or in its extinction, depending on whether oxygen supply or 
convective cooling is the controlling smolder mechanism. Compari- 
son between downward and upward smoldering corroborates the above 
observations . 
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INTRODUCTION 


Smoldering is defined as a non-flaming, surface combustion 
reaction propagating through a porous fuel [1]. Although present 
ifi a variety of combustion processes, it is of particular inter 
est in the fire safety field because of its role as a potential 
fire initiation source. Smoldering combustion is a weakly react- 
ing phenomenon which once established is difficult. to detect and 
extinguish because it propagates through the interior of the 
fuel. Circumstances that would suppress flaming often favor 
smolder and it is even possible for a smoldering combustion 
process to propagate and persist in the absence of any convection 
(forced or free), therefore it represents a serious fire hazard. 
Smolder involves complex processes related to fluid mechanics and 
heat transfer in a porous media, together with surface chemical 
reactions. Physical factors like fuel surface per unit volume, 
permeability to gas flow, rate of heat loss from the reaction 
zone, and the nature of the ignition source are important m 
determining the smolder characteristics. Chemically the porous 
combustible material can sustain complex surface reactions and 
produce heat and combustion products. The interaction between the 
physical and chemical processes determines the final characteris- 
tics of the smolder reaction. 

Most of the work that has been done to date on smoldering 
combustion has concentrated in analyzing the effect of oxidant 
composition, velocity and pressure on the smolder reaction [2-9]. 
The present work is part of an ongoing study that has as objec- 
tive understanding the effect of buoyancy on the smolder process. 
It extends the works of Refs. [10,11] which used powder cellulose 
as combustible porous material, and studied the effect of buoyan- 
cy on the smolder process by changing the environmental condi- 
tions. Here Polyurethane foam is used as fuel, and the effect of 
buoyancy is determined by comparing the smolder parameters in 
downward and upward propagation. The interest of using this 
material is two fold; it is a commonly used material, and its 
structure permits upward burning experiments without collapsing 
problems as it occurs with cellulose and other loose materials. 

The experiments are conducted in the opposed flow configura 
tion, for both downward and upward smolder propagation . In this 
type of smolder the reaction zone and the forced oxidizer flow 
move in opposite directions . This type of smoldering is also 
referred to as co-current smoldering because if the reaction 
front is considered as stationary both the. fuel and oxidizer 
reach the reaction zone in the same direction. In the downward^ 
smoldering experiments the foam is ignited at the top and smol- 
der propagates downwards, and in upward smoldering the foam is 
ignited at the bottom and the smolder propagates upward. In 
downward smoldering the gravitational acceleration is in the same 
direction as that of smolder propagation, and for upward smolder- 
ing in opposite directions. Therefore, when the upward and 
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downward experiments are compared, the difference between the two 
can be attributed to gravity. 


EXPERIMENT 


A schematic diagram of the experimental installation is 
shown in Fig. 1. The porous fuel is contained in a 300mm long 
vertical duct with a 150mm side square cross section. The duct 
walls are made of insulating 10mm thick Fiberfax sheet mounted on 
an aluminum frame. . The oxidizer gas flows to the test section 
through a diffuser fitted at one end of the duct, after being 
metered with a Tyland mass controller. The fuel ignition is 
accomplished with an electrically heated igniter placed in close 
contact with the foam. The igniter consists of a Nichrome wire 
placed in between two, 5 mm thick, porous ceramic honeycomb 
plates that provide rigidity to the igniter and heating uniformi- 
ty. To insulate the ignition zone and simulate and ongoing smol- 
der process, a layer of char from an already smoldered foam is 
placed at the other side of the igniter. 

The foam ignition is accomplished by applying an electrical 
energy of 10 J/mm2 for approximately 15 min. Most of this energy 
is used, however, to heat up the igniter ceramic plates to an 
approximate temperature of 400 C. During this heating period the 
air flow is turned off to avoid the flaming of the char or even 
the virgin material. The heating period is selected to ensure the 
self supported propagation of the smolder reaction. Once the 
ignition heating period is completed, the igniter current is 
turned off and the flow of air is turned on initiating the self 
sustained smolder process. 

The rate of smolder propagation is obtained from the temper- 
ature histories of eight Chromel-Alumel thermocouples 0.8 mm in 
diameter that are embedded at predetermined positions in the 
porous fuel with their junction placed in the fuel centerline. 

The smolder velocity is calculated from the time lapse of the 
reaction zone arrival to two consecutive thermocouples, and the 
known distance between the thermocouples. The arrival of the 
reaction zone is characterized by a maximum in the temperature 
profile, although under most experimental conditions this maximum 
is not sharply defined. For this reason the location of the 
smolder zone is defined by the intersection of the tangent to the 
temperature curve at the inflexion point and a horizontal line 
at a temperature near to the maximum (350 C in this work) . 

All the experiments are conducted with 150mm side cubes of 
an open cell, unretarded, white polyurethane foam, with a 26.5 
Kg/m3 density and 0.975 void fraction. The foam sample width was 
selected to ensure a one dimensional smolder propagation in a 
region of at least 50 mm in diameter from the sample center line, 
and the length to permit the observation of self propagating 
smolder without the influence of end effects. House compressed 
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air is used as oxidizer. For the downward experiments the igniter 
and char are placed on top of the foam sample and the air flow is 
introduced at the bottom. For the upward experiments the appara- 
tus is simply rotated 180 degrees. The smolder process is charac- 
terized from the propagation velocity and reaction zone tempera- 
tures . 


RESULTS AND DISCUSSION 


DOWNWARD SMOLDERING 

The variation of the downward smolder propagation velocity 
through the sample length is presented in Fig. 2. for several 
opposed air flow velocities. The data for a given flow velocity 
permits the identification of three regions within the foam 
sample with different smolder characteristics. An initial zone 
(I) approximately 70mm in length from the igniter where the 
smolder process is strongly affected by the heat from the ignit- 
er, and the smolder velocities are high. A second zone (II) 
approximately 50mm long in the middle of the sample where the 
smolder process is self sustained and free from end effects, and 
where the smolder velocity is fairly uniform. A third zone (III) 
at the end of the sample where the smolder is affected by buoy- 
antly induced flows that cause an increase of the smolder veloc- 
ity or a decrease depending on the initial strength of the reac- 
tion. The characteristics of the smolder reaction at each zone 
depend on the air flow rate. For comparison purposes, also in- 
cluded in Fig. 2 is the data from a smolder experiment in natural 
convection [13]. It is seen that the smolder propagation veloci- 
ties are practically identical to those of case C, which implies 
that free convective currents generated through the sample during 
the downward smolder propagation are of the order of 0.9mm/sec. 


The smoldering in the zone II is the most representative of 
a forced flow opposed smoldering, at least from the point of view 
of modeling, since is free from external effects. The smoldering 
in the other zones, however, are also interesting because they 
provide additional information about the process, and describe 
situations that may occur in practice. The smolder in zone I is 
representative of a situation where smoldering is supported by an 
external heat source (an electrical appliance for example) . The 
smolder in zone III is of particular interest from the point of 
view of buoyant effects on smoldering. In this zone the sample 
thickness, and consequently its drag resistance, are small enough 
to permit the generation of buoyant flows through the virgin foam 
and remaining char. These flows may play an important role in the 
smolder process in this zone because their velocities may be con- 
siderably larger than those of the forced flow. 

The variation of the maximum smolder reaction zone tempera- 
ture along the foam sample is presented in Fig. 3 for the air 
flow velocities tested. Although less well defined, the data also 
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indicates the presence of the three zones described above. The 
temperatures in zone I are generally higher due to the igniter 
influence, and in region III lower due to convective heat losses 
to the external environment. Comparison between the results of 
Figs. 2 and 3 shows that there is a one to one correspondence 
between the smolder reaction temperature and the smolder veloci- 
ty, with the smolder velocity being higher when the smolder 
temperature is higher. It is also observed that small variations 
in smolder reaction temperature results in large variations on 
the smolder propagation velocity. 

The effect of the forced air flow velocity on the smolder 
propagation velocity is presented in Fig. 4, for the three zones 
indicated above. The smolder velocities are obtained from the 
results of Fig. 2 and are averaged values of the smolder veloci- 
ties at each zone. It is seen that the smolder velocity presents 
a maximum for an air flow rate of approximately 2.5mm/sec, al- 
though the exact value of the flow rate varies with the zone 
under consideration. The value of the maximum velocity is also 
different for the three zones, and is highest in the zone III. 

The variation of the maximum smolder reaction temperature with 
the air flow rate is presented in Fig. 5, for the three zones. It 
is seen that the smolder temperature also presents a maximum at 
approximately 2.5mm/sec, again corroborating the correspondence 
between the temperature of the smolder reaction and its propaga- 
tion velocity. 

The above results point out to a smolder process that is 
controlled by the competition between the supply of oxidizer to 
the reaction zone and the loss of heat from the reaction zone. 

The presence of two smolder controlling mechanisms, chemical 
kinetics and heat losses, has been suggested before by Ohlemiller 
et.al. [1,9,12] in a study of the effect of oxygen concentration 
and pressure on the smolder of polyurethane foam. To understand 
how these two controlling mechanisms affect the characteristics 
of the smolder process is convenient to analyze the smolder data 
in zone II first. The temperature data of Fig. 3 shows that for 
low air flow velocity (B) the reaction zone temperature is low, 
which indicates the presence of a weak smolder reaction due to 
the low supply of oxidizer. This results in a very small smolder 
propagation velocity (Fig. 2, line B) . As the air flow velocity 
is increased (C,D,E,F), the smolder reaction temperature and 
velocity first increase, reach a maximum, and then start to. 
decrease. The increase in the smolder temperature and velocity is 
due to the increased supply of oxidizer to the reaction zone and 
the resulting enhancement of the chemical reaction. The larger 
amount of heat generated by the smolder reaction compensates for 
the larger convective heat losses caused by the larger air flow 
rate. As the air velocity is increased, eventually the heat 
generation and heat losses balance each other and the smolder 
reaction reaches a maximum in temperature and velocity (E) . If 
the air flow rate is increased further the heat losses overcome 
the heat generation and the smolder temperature and velocity 
start to decrease (F) . For larger air flow rates the heat losses 
dominate and cause the weakening and final extinction of the 
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smolder reaction (G,H) . 


The above discussed controlling mechanisms also apply to the 
other two zones, although the external effects modify somewhat 
the balance between then. In zone I the fuel is preheated by the 
igniter and when air is made available, the smolder reaction 
becomes very vigorous with high temperatures and propagation 
velocities. However, as the smolder reaction moves away from the 
zone of igniter influence, the cooling effect of the increased 
air flow becomes dominant and the reaction temperature and veloc- 
itv decrease rapidly until the reaction stabilize itself or 1S 
extinguished. In zone III, the onset of buoyant currents affects 
the characteristics of the ongoing smolder reaction by either 
enhancing the reaction (cases C and D) or by weakening it (cases 
be and F). The mechanisms by which these buoyantly generated 
currents affect the smolder reaction is not totally understood 
although it appears that if the reaction is strong the added 
supply of air is dominant over the convective cooling. However, 
if the reaction is already weak, the heat losses are dominant 
weakening the reaction even further. 


UPWARD SMOLDERING 

The variation of the upward smoldering propagation velocity 
through the foam sample length is presented in Fig. 6 for the 
same opposed air flow velocities used in the downward smolder 
tests. Here also three zones can be identified with different 
smolder characteristics. The location of the zones and the vana 
tion of the smolder velocity in each zone are very similar to 
those observed in downward smolder. Also included in Fig. 6 is 
smolder velocity data for upward free convection smoldering, and 
it is seen that the smolder velocities are similar to those of 
case C, corroborating the previously stated observation that 
buoyancy generates air flows through the this type and size of 
foam of the order of 0.9 mm/sec. 


The variation of the smolder velocity with the forced air 
flow rate in each of the three zones are presented in Fig. 4 
together with the downward data to facilitate comparison o e 
results. It is seen that the effect of the forced air flow on the 
upward smolder velocity is similar to that of the downward smol- 
dering with the smolder velocity first increasing, and then 
decreasing as the air velocity is increased. The air velocity 
that produces the maximum smolder velocity is also approximately 
the same as that measured for downward smoldering except in zone 
III where it occurs at slightly higher velocities. The almost 
identity between the downward and upward smolder velocities in 
zones I and II indicates that in these experiments buoyancy does 
not affect the smolder process in zones deep m the foam 
interior . It does, however, have a noticeable influence in zone 
which corroborates that the end effects observed m the 
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donward dataata are the result of buoyantly generated air flows. 


The variation of the maximum smolder reaction temperature 
along the foam sample is presented in Fig. 7 for the same air 
flow velocities used in the downward tests. The temperature 
distributions are also similar to those observed for downward 
smoldering, although the upward smolder temperatures are general- 
ly higher than those for downward smolder, particularly in zones 
I and III. This is clearly seen from the data of Fig. 5 where the 
variation of the smolder temperature at the three sample zones 
with the air flow velocity is presented together with the data 
for downward smoldering. 


The above results indicate that for opposed upward smolder- 
ing the competition between the supply of oxidizer to the reac- 
tion zone and the heat losses from the reaction zone also deter- 
mine the characteristics of the smolder process. They also show 
that the smolder processes for downward and upward propagation 
are identical when buoyancy is unimportatnt, as it could be 
expected. When buoyancy participates in the process, as is the 
case in zone III, there are differences between the smolder in 
the two configurations that are worth discussing. In upward 
smoldering the buoyantly generated gas heats up as it flows 
upward past the elevated temperature char and preheats the virgin 
fuel ahead of the smolder zone, which tends to produce larger 
smolder velocities than in downward smoldering. However, these 
upwardly moving gases also contain combustion products that can 
reduce the supply of oxidizer to the reaction zone and cause the 
weakening of the smolder reaction. Depending on which effect is 
dominant, the buoyant flow can enhance or deter the progress of 
the smolder reaction, as it can be observed comparing the results 
of Figs. 4 and 5. 


CONCLUDING REMARKS 


By studying the effect of a forced flow of oxidizer on a 
smoldering reaction propagating downward and upward through a 
high void fraction porous fuel, the present work has helped to 
identify the controlling mechanisms of opposed smoldering combus- 
tion, and to determine the potential importance of buoyancy on 
the process. Particularly interesting is the verification that in 
this type of smoldering, the competition between oxygen supply 
and heat losses determines, in conjunction with the initial state 
of the reaction, the fate of the smolder reaction. Both at very 
low and (relatively) large air velocities the smolder reaction is 
weak due to respectivelly lack of oxidizer or excessive heat 
losses. 


The range of air velocities that produce a stronger smolder- 



ing reaction are surprisingly small ( of the order of 2mm/sec) in 
comparison to those in other combustion processes. For this 
reason buoyancy can have a very important role in the smolder 
process since buoyantly generated air currents can be larger than 
those that has been observed to produce the extinction of the 
smolder reaction. In fact this is one of the reasons why unas- 
sisted smolder is difficult to be sustained if the sample is 
small. For large size samples, the buoyant flows do not pene- 
trate the fuel interior as readily because of the large drag 
losses, and the porous fuel itself insulates the 

external convective cooling, which helps the establishment of the 
smolder reaction, particularly if enough oxidizer is available a 
the reaction zone. 
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ABSTRACT 


An experimental study is carried out of the effect on the propagation velocity of a 
smolder reaction of oxidizer forced to flow in the same direction of smolder propagation. 
The experiments are carried with a high void fraction polyurethane foam as fuel and air as 
oxidizer, in a geometry that approximately produces a one-dimensional smolder propagation. 
Measurements are performed of the smolder propagation velocity and smolder reaction 
temperature as a function of the flow velocity, location in the sample and direction of 
propagation (downward and upward). For both upward and downward smoldering three 
zones with distinct smolder characteristics are identified along the foam sample. For forward 
burning the air is forced through the igniter, therefore an initial zone near the igniter where 
the smolder process is influenced by heat from the igniter, and intermediate zone where 
smolder is self-sustained and free from external effects, and a third zone near the sample 
end that is strongly affected by convective currents. The smolder reaction propagation 
velocity and temperature have a direct correspondence and are different in each one of 
these three zones. The variation with the forced air flow of the smolder propagation and 
temperature shows that both parameters increase with the flow rate reaching, in the case 
of upward smolder, transition to flaming at flow velocities of approximately 15 mm/sec. At 
very small flow rates (smaller than 2.5 mm/sec) extinction is experienced under different 
conditions. The analysis of the results confirm that the smolder process is controlled by the 
competition between the supply of oxidizer to the reaction zone and the loss of heat from 
the reaction zone. Forward smoldering shows a clear effect of gravity for flows smaller than 
approximately 3.0 mm/sec, at low flow rates oxygen depletion is the dominant factor 
controlling the smolder process, air is forced through the igniter therefor convective heat 
losses to the air flow are less significant letting us observe the effect of gravity in the 
transport of oxidizer. For opposed flow previously reported experiments showed that 
increasing the flow velocity strengthens the smolder reaction resulting in larger velocities 
and temperatures, but for flows over 2.5 mm/sec convective cooling to the air becomes 
dominant leading to extinction. For this configuration the air flow carries the reaction heat 
to the virgin fuel resulting in temperatures and velocities increasing monotonically with the 
flow rate, giving a more clear image of the effect of gravity and the competition between 
oxidizer transport and heat losses. The convective currents acting at the end of the sample 
show a different view of this competition, which is transition to flaming; smolder would not 
transition to flaming in downward burning where convective currents will significantly 
oppose the forced flow, instead transition to flaming will occur in upward burning where 
convective currents act in the same direction of the forced flow. Comparison between 
downward and upward smoldering corroborates the above observations. 



INTRODUCTION 


Smoldering is defined as a non-flaming, surface combustion reaction propagating 
through a porous fuel [1]. Although present in a variety of combustion processes, it is of 
particular interest in the fire safety field because of its role as a potential fire initiation 
source. Smoldering combustion is a weakly reacting phenomenon which once established is 
difficult to detect and extinguish because it propagates through the interior of the fuel. 
Circumstances that will suppress flaming often favor smolder and it is even possible for a 
smoldering combustion process to propagate and persist in the absence of any convection, 
therefore it represents a serious fire hazard. Smolder involves a complex process related 
to fluid mechanics and heat transfer in a porous media, together with surface chemical 
reactions. Chemically the porous combustible material can sustain complex surface reactions 
and produce heat and combustion products. The interaction between the physical and the 
chemical processes determines the final characteristics of the smolder reaction. 

Most of the work that has been done to date on smoldering combustion has 
concentrated in analyzing the effect of oxidant composition, velocity and pressure on the 
smolder reaction [2-9]. The present work is part of an ongoing study that has as objective 
understanding the effect of buoyancy on the smolder process. It extends the works of 
references [10,11] which used powder cellulose as combustible porous material and of 
references [13,14] which used the same polyurethane foam; all of these studied the effect 
of buoyancy on the smolder process by changing the environmental conditions. Here 



Polyurethane foam is used as fuel, and the effect of buoyancy is determine by comparing the 
smolder parameters in downward and upward propagation. The interest of using this 
material is two fold; it is a commonly used material, and its structure permits upward 
burning experiments without collapsing problems as it occurs with cellulose and other loose 
materials. 


The experiments are conducted in the forward flow configuration, for both downward 
and upward smolder propagation. In this type of smolder the reaction zone and the forced 
oxidizer flow move in the same direction. This type of smoldering is also referred to as 
counter-current smoldering because if the reaction front is considered as stationary the fuel 
and oxidizer reach the reaction zone in opposite directions. In the downward smoldering 
experiments the foam is ignited at the top and smolder propagates downward, and in 
upward smoldering the foam is ignited at the bottom and the smolder propagates upward. 
In downward smoldering the gravitational acceleration is in the same direction as that of 
smolder propagation, and for upward smoldering in opposite direction. Therefore when the 
upward and downward experiments are compared, the difference between the two can be 


attributed to gravity. 



EXPERIMENT 


A schematic diagram of the experimental installation is shown in Fig. 1. The porous 
fuel is contained in a 300 mm long vertical duct with a 150 mm side square cross section. 
The duct walls are made of insulating 10 mm thick Fibcrfax sheet mounted on an aluminum 
frame. The oxidizer gas flows to the test section through a diffuser fitted at one end of the 
duct, after being metered with a Tyland mass controller. The fuel ignition is accomplished 
with an electrically heated igniter placed in close contact with the foam. The igniter consists 
of a Nichrome wire placed in between two, 5 mm thick, porous ceramic honeycomb plates 
that provide rigidity to the igniter and heating uniformity. To insulate the ignition zone and 
simulate an ongoing smolder process, a layer of char from an already smoldered foam is 
placed at the other side of the igniter. For the forward smoldering experiments the section 
containing the igniter and the char is placed at the diffuser exit upstream from the section 
containing the virgin foam. 

The foam ignition is accomplished by bringing the temperature of the igniter up to 
approximately 500 °C For these specific experiments the power needed was of 
approximately 10 J/rnrn 2 during a period of 15 minutes. Most of the energy is used, however, 
to heat up the igniter ceramic plates to the temperature mentioned above. Since the air 
flows through the igniter before reaching the fuel, the air flow is turned off, during the 
heating period, to avoid extending the igniter influence to a larger fraction of the virgin 
material, and to standardize the ignition process that if performed with the air flow on, will 



depend on the flow rate. The heating period is selected to ensure the self supported 
propagation of the smolder reaction. Once the ignition heating period is completed, the 
igniter current is turned off and the flow of air is turned on, initiating the flow assisted 
smolder process. 

The rate of smolder propagation is obtained from the temperature histories of eight 
Chromel-Alumel thermocouples 0.8 mm in diameter that are embedded at predetermined 
positions in the porous fuel with their junction placed in the fuel centerline. The smolder 
velocity is calculated from the time lapse of the reaction zone arrival to two consecutive 
thermocouples, and the known distance between the thermocouples. Although the arrival 
of the reaction zone is characterized by a maximum in the temperature profile, under most 
experimental conditions this maximum is not sharply defined, and the location of the 
smolder zone is defined by the intersection of the tangent to the temperature curve at the 
inflexion point and a horizontal line at a temperature near to the maximum (350 °C in this 
work). 


All the experiments are conducted with 150 mm side cubes of an open cell, 
unretarded, white polyurethane foam, with a 26.5 Kg/m 3 density and 0.975 void fraction. The 
foam sample width was selected to reduce the effect of the cold walls on the smoldering 
reaction thus helping to obtain one dimensional smolder propagation in a region of at least 
50 mm in diameter from the sample centerline. The length is enough to permit the 
observation of self propagating smolder without the influence of the igniter and end effects. 
House compressed air is used as oxidizer. For the downward experiments the igniter and 



char arc placed on top of the foam sample and the air flow is introduced through the 
igniter. For the upward experiments the apparatus is simply rotated 180 degrees. The 
characteristics of the smolder process are determined from the propagation velocity and the 
reaction zone temperatures. 

RESULTS AND DISCUSSION 


The analysis of the data is done by dividing the foam sample in three different zones 
(Fig2). An initial zone (I) of length dependant on the flow rate, but that is never more than 
50 mm away from the igniter, where the smolder process is affected by the heat from the 
igniter. A second zone (II) covering approximately the central 60 mm of the sample, where 
the smolder process is self sustained and relatively free from end effects. A third zone (III) 
at the end of the sample where the smolder is affected by the ambient air and by the small 
size of the virgin fuel left for smoldering. The extent and characteristics of the smolder 
reaction at each zone depend on the air flow rate. Since during the period of ignition there 
is no forced air flow through the foam this region is not representative of the type of 
smoldering studied here, therefore the data from the first 35 mm of the sample is not 
presented. Also since the velocities are obtained from the temperature histories of two 
thermocouples and assigned to the midpoint between the two, the corresponding figures 
(Fig.2 and Fig.7) do not show data points for the first 50 mm. 


The smoldering in zone U is the most representative of a forced flow, forward 



smoldering, at least from the point of view of modeling, since external effects are limited. 
The smoldering in the other zones, however, are also interesting because they provide 
additional information about the process, and describe situations that may occur in practice. 
The smoldering in zone I is representative of a situation where smoldering is supported by 
an external heat source. As it will explain later, the smolder in zone III is of particular 
interest from the point of view of buoyant effects on smoldering. In this zone the length of 
the virgin fuel, and consequently its drag resistance, are small enough to permit the 
generation of buoyant flows through the virgin foam and remaining char. These buoyant 
flows may play an important role in the smolder process in this zone because their velocities 
may be similar or even larger than those of the forced flow. 

In smoldering the heat transfer from the smoldering reaction to the adjacent 
material, and the oxygen supply to the reaction zone are the two main mechanisms that 
control the smolder reaction characteristics [1,9,12,13,14]. In the forward flow configuration 
heat is being carried away from the reaction zone towards the virgin foam by the flow after 
passing through the char. As a consequence the heat transferred to the virgin fuel is 
enhanced as the flow rate is increased, which favors the propagation of the smolder reaction. 
The oxidizer transport effect of the forced flow is two fold; increasing the flow rate increases 
the oxygen supply to the reaction zone , on the other hand the products of combustion are 
carried into the virgin foam mixing with the oxidizer inside the pores and diluting the oxygen 
concentration. Furthermore, the oxidizer is reaching the reaction zone through the char 
which while preheating the air may also cause its depletion due to secondary reactions. 
Another process that takes place under certain flow conditions is the onset of secondary 



reactions in the char, the fresh oxidizer moving through the char will encounter hot char 
generating secondary smolder reactions behind the smoldering front that will propagate in 
an opposed manner. This will result in the depletion of the oxidizer reaching the smolder 
wave from the char, this effect significantly decreases the smoldering reaction strength. The 
final characteristics of the smolder reaction in a given case depend on the relative 
importance of each one of these effects. 


DOWNWARD SMOLDERING 


The variation of the downward smolder propagation velocity and of the maximum 
smolder reaction temperature through the sample length are presented in Figs. 2 and 3 
respectively, for several opposed air flow velocities. The results of figures 2 and 3 are better 
analyzed if the processes involved in each zone are treated separately. Although the 
boundaries between the different zones canhot be clearly determined, the following trends 
are identified from the measurements. Since the smoldering in zone II is the most 
representative of a forced flow we will begin by describing this zone. With no flow (A) the 
smolder velocities for this zone remains almost constant decaying in the last 30 mm of the 
sample. When the air flow is increased to 03 mm/sec (B) extinction is observed very early 
in the sample, a further increase in the flow velocity (C) shows again a slowly propagating 
reaction that reaches extinction in the last 30 mm of the sample. And for higher flow 
velocities the smolder velocity increase monotonically with the flow velocity. Smolder 



velocities are not constant for flow velocities greater than 1.7 nun/sec (D) instead it is 
observed that the smolder velocities increase towards the end of the sample. The smolder 
reaction temperatures follow a different trend. For no flow temperature remains almost 
constant and below 350°C along all zone II, which is indicative of a very weak smolder 
reaction (13,14). For case (B) it can be observed that the temperature drops down along the 
fuel sample until the reaction finally extinguishes. As the flow velocity is increased above 
values of 0.9 mm/sec (C) the maximum reaction temperatures keep increasing as the air 
flow velocity is increased. The temperatures for a given flow rate shows that the reaction 
temperatures decay through zone II. 

These results are explained by the interaction of the above indicated heat and mass 
transfer mechanisms. For the case with no forced flow the smoldering reaction propagates 
into the virgin foam which contains oxidizer in its pores. This is mainly a self sustained 
process where the biggest contribution of oxidizer to the reaction comes from the air in the 
foam pores. When air velocities of the same order of magnitude as the smoldering velocities 
are forced through the sample (B), the air flow pushes the products of the reaction along 
with the smoldering front, which causes a significant dilution of the oxidizer and results in 
the observed extinction. As the air velocity is increased above the smoldering velocity, the 
forced flow carries the products away from the reaction and brings to the reaction zone 

more oxi dizer, which results in an increase in the smolder velocity as the flow is increased. 

* - #*■• . 

The smolder velocity data for a specific flow velocity show that the smolder 
propagates faster as the smoldering reaction progresses through the sample. The rate of 



propagation increases as the air flow is increased. This is the result of the forced flow 
carrying the hot products from the smoldering reaction into the virgin fuel, which preheat 
the foam and consequently increase the smolder velocity. The further away from ignition the 
longer the preheating period and therefore the higher the temperature of the fuel 
encountered by the smoldering front. 

The temperature data of FigJ shows that for most flow rates the smolder reaction 
temperatures decrease as the reaction moves through the sample. The decrease in 
temperature is brought by the continuous, although weak, reaction of the char together with 
the onset of stronger secondary reactions mentioned above. This reactions consume part of 
the oxygen from the air flowing through the char and as a consequence the air reaching the 
primary smolder reaction zone has a smaller oxygen concentration which results in weaker, 
lower temperature, smaller reactions. Secondary reactions are very weak at low flow 
velocities and may extinguish due to convective heat losses. The strength of these secondary 
reactions is enhanced as the forced flow is increased due to the increased availability of 
oxidizer. It is interesting to note that although the temperature decreases the smolder 
velocity increases, which indicates that for most flow rates the preheating effect is dominant 
over the decrease in oxidizer. However, as the air flow is increased and the strength and 
duration of this secondary reactions increase, they consume more oxidizer until the 
preheating effect is canceled and the smolder velocity starts to decrease as occurs in case 
(I). The maximum reaction temperatures of these secondary reactions are much higher than 
the typical smoldering temperatures, usually above 500°C 


The same mechanisms described for zone II basically apply for zone L In zone I the 
heat from the igniter represents an extra source of heat and introduces a transient period 
where the process transitions from the no flow ignition heating regime to the forced flow 
described above. This transition period becomes less important as the air flow is increased 
but the increase in oxidizer supply results in secondary reactions that will be present in the 
char near the reaction zone and near the igniter, resulting in the dilution of the oxidizer 
reaching the smolder reaction. For small flow rates the products accumulated during the 
ignition period are pushed into the smolder reaction zone resulting in a decrease in both 
temperatures and smoldering velocities, this effect decreases with the increase in air flow, 
but as it becomes less significant the secondary reactions appear depleting the oxygen 
concentration reaching the reaction zone. Only for the largest air flow (I) it is observed that 
the heat carried from the hot secondary reaction has an effect on the smoldering reaction 
in zone I, increasing both reaction temperature and velocity. 

In zone III the amount of virgin foam is small enough that buoyant recirculation can 
be generated. These recirculation flows bring additional air to the reaction zone which 
results in the trends observed in Figs. 2 and 3 for zone II to be magnified. From Fig.2 it can 
be seen that for all flow rates the smolder velocities increase strongly as the smolder front 
reaches the end of the sample. The data of Fig3 shows also an apparent increase in the 
maximum reaction temperature in the last centimeter of the sample indicating the presence 
of added oxidizer from the ambient air. For smolder velocities higher that 0.5 [mm/sec] and 
in the last 50 mm of fuel the combined flow rate of the forced flow and buoyantly induced 
recirculating flows (due to the decrease in drag) is big enough so as to make the products 



concentration in the total flow very small leading to an enhancement in the reaction, at this 
point we start observing weak secondary reactions moving upward in an opposed flow 
configuration. A continuous secondary reaction can be observed in the char for flow rates 
between 2.8 and 7.8 (mm/sec].This secondary reaction is weak and can not propagate 
opposed to the forced flow due to heat losses to the incoming flow. The secondary reaction 
will use up some of the oxygen that used to reach the smoldering reaction, resulting in a 
further decrease in the reaction temperature. The process at this stage becomes extremely 
complicated, we have virgin foam heavily preheated, more and more significant buoyant 
flows coming from the bottom and opposing the forced flow that result on an overall 
increase in the smolder velocity, for flows smaller than 10 [mm/sec] (Fig2 and 4) and an 
overall decrease in the reaction temperatures ( Fig. 3 and 6). As we increase the flow rate 
the secondary reactions increase in strength and start to propagate upwards, becoming, for 
flows greater that 14 [mm/sec], the dominant reaction using large fractions of the incoming 
oxidizer. Smoldering velocities decrease and stabilize around 0.9 [mm/sec] and reaction 
temperatures are kept high by the heat generated from the secondary reaction which is 

basically a much stronger process. 

The effect of the forced air flow velocity on the smolder propagation velocity is 
presented in Fig.4, for the three zones indicated above. An expansion of the data at low air 
velocities is presented in FigJ. The smolder velocities are obtained from the results in Fig-2 
and are averaged values of the smolder velocities at each zone. From Figi it is seen that 
in zones 1 and ff the smolder velocity has a minimum at a flow velocity of approximately 
4 [mm/sec], and increases monotonically with the flow velocity for larger flow rates. Zone 



Ill shows a minimum at 4 [mm/sec] and a maximum at approximately 7 [mm/sec] (Fig.4). 
For downward smoldering, buoyant flows generated by the density stratification move 
upward while the forced flow moves downward, therefore they will distort the flow when the 
forced velocity is smaller or equal to the buoyant one which results in smaller smolder rates 
due to the accumulation of the products in the reaction zone. For greater air velocities, the 
forced flow becomes the dominant transport mechanism and the smolder velocity increases 
with the flow rate due to the increase in oxygen supply to the reaction. This is confirmed 
by the results from previous experiments in the opposed configuration [14] where it was 
determined that buoyant flows were of the order of 1 [mm/s], which corresponds 
approximately to the values observed in Fig. 5. The reaction in zone I is particularly weak 
at low flow velocities because the reaction products generated during the ignition period 
remain stagnant around the reaction zone diluting the oxidizer in the fuel pores. In some 
cases the competition between the oxidizer supply to the reaction zone and the convective 
heat losses from the reaction zone yields in favor of the heat loses and results in the 
extinction of the reaction (case B). The fact that this extinction is buoyantly originated is 
further verified by the results from zone III and for upward propagation described below. 


UPWARD SMOLDERING 

The variation of the upward smoldering propagation velocity along the foam sample 
length is presented in Fig.7 for the same forward air flow velocities used in the downward 
smoldering tests. Here also the three zones indicated above are used to describe the data. 



Zone II has almost constant velocities for small flow rates and the velocities in zone III 
increase as the smoldering front reaches the end of the sample. In Fig.8 it can be observed 
that for small flow velocities temperatures are constant through zones I and II and that as 
the flow velocities is increased temperatures are highest in zone I and decay through zones 
II and III for flow rates larger than approximately 6 [mm/sec]. 

The basic mechanisms that explained the results for downward burning also apply for 
upward burning, and the differences can be attributed to gravity. In upward burning both 
the buoyant and forced flow move in the same direction in the central core of the fuel, and 
therefore the combustion products are always driven ahead of the reaction. As a result the 
smolder velocities for all flow velocities increase monotonically with the flow rate and 
extinction is not observed even at the lowest flow velocities. Another important aspect that 
results from buoyancy acting in the same direction as that of the forced flow is the decrease 
in mixing between products and oxidizer. In downward burning since buoyant flows and 
forced flows move in opposite directions, recirculation current are enhanced and therefore 
mixing between products and oxidizer is also enhanced, for upward burning both flows act 
in the same direction therefore the products travel through the fuel, and mixing is less 

significant 


For upward smolder we also observe secondary reactions of similar characteristics 
to the one observed for downward smolder. These reactions produce the same effect on the 
smolder wave as before. In this case, however, these secondary reactions bring up a very 
important aspect to the smolder process, transition to flaming. In upward smolder the 


products leave the smolder reaction zone through the virgin fuel, therefore the char that will 
act as fuel for the secondary reaction receives fresh and unobstructed oxidizer flow. Since 
the limiting parameter for a smolder reaction to transition to flaming is the oxidizer 
concentration, if the reaction is strong enough upward burning will have a greater tendency 
to flaming. The experiments confirmed this hypothesis, and the secondary reaction transition 
to flaming for 14 [mm/sec] flow rate. 

The variation of the upward smolder velocity with the forced air flow rate is 
presented in Fig.4 and 5. From these figures it can be observed that the significance of 
buoyancy in zone I extends to flows approximately 14 [mm/sec]. Buoyancy increases the 
transport of hot gases from the reaction region to the virgin foam nearby. This is particularly 
significant in zone I where a slight increase in oxygen supply will result, due to the 
preheating effect, in a significant increase in the propagation velocity, as observed for flow 
rates over approximately 6 [mm/sec]. During the ignition period in upward burning the 
products will move towards the virgin fuel, instead in downward burning they will move 
towards the char, therefore the concentration of smolder and temperature of the virgin 
foam, at the time when the forced flow is initiated, are higher in the upward burning 
configuration. These results can be observed in Fig. 4, 5 and 6 where we see that for upward 
burning, velocities increase monotonically with flow rate and the initial region of extinction 
present in downward smolder does not appear. In zone Q the reaction is free from the 
igniter effect and the effect of buoyancy is reduced to flows below 2.8 (mm/sec]. The 
smolder velocities for zone II have values smaller to the ones of zone I (up) and higher to 
those of zone I (down) showing how the influence of the igniter magnifies the buoyant 



effect 


In zone III the influence of buoyancy is veiy significant, forced flow and buoyantly 
generated flows appear to be of the same magnitude, for small flow rates after the period 
where extinction is observed in downward smolder, propagation is much faster in the 
downward configuration even though reaction temperatures are always much lower. In 
downward burning buoyancy opposes the forced flow generating recirculating currents that 
seem to enhance both mixing of products and oxidizer as well as localizing the heat transfer 
from the reaction zone to the virgin fuel, instead in upward burning mixing is less intense 
and the heat is carried to a much larger region of the fuel. More mixing results in a more 
diluted oxidizer and therefore in lower temperatures for downward smoldering and more 
localized heat transport in a smaller smolder velocity for upward burning. As we increase 
the flow rate this complicated scenario brings a transition range of flows between 4 and 8 
[mm/sec] where is not dear which effect is dominant and resulting in a dear higher 
temperature for upward smolder and smolder velodties which tend to match for flow rates 

over 5 [mm/sec]. 


CONCLUDING REMARKS 

By studying the effect of a forced flow of oxidizer on smoldering reaction propagating 
downward and upward through a high void fraction porous fuel the present work has helped 
to identify the controlling mechanisms of forward smoldering combustion, and to determine 
the potential importance of buoyancy on the process. Particularly interesting is the 



verification that in this type of smoldering, the competition between oxygen supply and heat 
transport determines, in conjunction with the initial state of the reaction, the fate of the 
smolder reaction. Heat transport mechanisms are always favorable in this type of 
smoldering, but even under this favorable conditions lack of oxidizer can lead to weak 
reactions and even to extinction. 

The favorable heat transfer conditions enable us to observe the process of transition 
to flaming, which occur for flows over 14 [mm/sec]. Buoyancy plays an important role in this 
process, the main limiting factor in transition to flaming is the lack of oxidizer, the large 
drag loses induced by the foam do not enable enough oxidizer to reach the reaction zone 
so only when the smolder reaction propagates in the char that is more porous flaming can 
occur. Even then the oxidizer content has to be high and the enhanced mixing between 
oxidizer and products in downward smolder inhibits flaming. This work is very important 
because it shows the requirements that any future transition to flaming experiment in this 
kind of material has to have. 
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Abstract 

A study is being conducted on the effects of 
buoyancy in smoldering combustion, and the 
expected behavior of smolder under low gravity 
conditions. Initial experiments, on one* 
dimensional smoldering of polyurethane foam have 
been conducted, both in ground-based and drop 
tower facilities, to provide information for the 
design of space-based experiments. Results from 
these experiments are presented and discussed in 
light of our understanding of the various competing 
physical processes controlling smoldering 
combustion. These results show that for low 
forcing flow rates, smolder behaves differently in 
the absence of gravity than at normal gravity. 

1. Introduction 

Smolder is defined as a non-flaming, 
exothermic surface combustion reaction 1 . 
Smoldering commonly occurs in porous and 
permeable combustible materials, and is 
d i s tinguished from other combustion reactions by 
its low temperatures, lack of flame and slow 
propagation velocities. After smolder has been 
initiated, it propagates through the fuel by 
transferring heat, released during heterogeneous 
oxidation of the fuel, toward the virgin material. 
Heat is transferred by conduction, convection and 
radiation. Heat losses may be due to heating up the 
virgin fuel as well as conduction and convection to 
the ambient environment Additionally, oxidizer, 
transported to the reaction zone by diffusion and 
convection, must be present in sufficient quantity 
to allow the reaction to proceed. 

Smolder has been the subject of much interest 
and study because it is acknowledged as a 
significant fire safety hazard 1 - It can play a role in 
the initiation of unwanted fires, which may be 
triggered by a sudden transition from smolder to 
flaming. Smolder may progress for long periods of 
time undetected (because of its low intensity) until 
a sudden transition to flaming occurs. 1 » 4,8 

The terminology of smoldering for one- 
dimensional configurations is shown in Figure 1. 
Cocurrent smolder applies to the situation where, 
when viewed in a frame of reference attached to the 
smolder wave, both the fuel and the oxidizer enter 
the reaction zone from the same direction. 
Countercurrent smolder is therefore the situation 
where fuel and oxidizer enter the reaction zone from 
opposite directions. The interaction of the physical 
processes which control smoldering is quite 
complex, and models developed so far have been 
limited. An excellent review of smolder 
combustion modeling is that of Ohlemiller 1 . A 
limited number of experimental and theoretical 

Copyright © 1990 by the American Institute of Aeronautics 
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studies on the effect of buoyancy on steady smolder 
have been published 3 . With the exception of the 
works of Ohlemiller and Sato 11,1 ^, relatively little 
work has been done int he areas of ignition data and 
analysis and transition to flaming modeling. 

Since smolder is possible at air/fuel ratios only 
a few percent of stoichiometric 10 , heat release and 
smolder velocities may be, relatively, quite low. 
Convective flow of gases, either free or forced, may 
therefore have a significant effect on smolder. In an 
effort motivated primarily by the need to understand 
the possible behavior of smoldering combustion in 
a space-based environment where natural convection 
will not be present, we have been studying the role 
of buoyancy in smolder initiation and propagation 
through porous combustible materials. 

We have conducted a short program of 
microgravity experiments on smoldering 
combustion, using a drop tower, to obtain 
preliminary information on smolder behavior in 
this environment These results are primarily 
qualitative, as the slow process of smolder allows 
only limited data to be obtained in the 2.2 seconds 
available in the drop tower. In this paper we will 
report on experimental results from both normal 
and low gravity studies. All configurations involve 
one-dimensional cocurrent smolder, either upward 
burning or downward burning. Results show that 
buoyancy does influence smolder propagation, as 
would be expected from a process so sensitive to 
convective mass and energy transfer, and we can 
begin to identify regions of parameter space where 
the role of buoyancy is most significant. Results 
also provide qualitative information for the role 
buoyancy plays in smoldering. 




Cocurrent 


Countercurrent 


Figure 1 
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2. Experiment 

All tests, at both normal and micro-gravity, 
were conducted on cubic samples of polyurethane 
foam, four inches on a side. Figure 2 shows a 
schematic of the general test apparatus. The sides 
of the test apparatus holding the foam were well 
insulated. For free flow conditions, top and bottom 
were left open. For forced flow conditions, one end 
was fitted to an air duct Compressed standard air 
was used, and flow was controlled by either a 
Matheson 603/604 rotameter (ground tests) or a 
precision metering valve (drop tower tests). 

Polyurethane foam was chosen as our fuel 
because it maintains its shape as it smolders (a 
critical issue for conducting both upward and 
downward burning tests at normal gravity) and it is 
a realistic test fuel for spacecraft fire hazards. 
Smoldering combustion of polyurethane foam has 
been studied extensively 4 ’*’**’ '*®. Smolder was 
initiated from the top (downward burning) or from 
the bottom (upward burning). Repeatable smolder 
initiation in polyurethane samples of this size and 
geometry proved to be a delicate task. After much 
trial and error, the procedure evolved to the 
following: A nichrome wire coil, through which a 
10V current was passed, was placed against 3 layers 
of cotton linen (1 1/2 " square) centered in the open 
end of the sample. The wire, which heated to 450° 
C, was left on for 40 seconds to ensure that the top 
cloth layer had begun to smolder. Smolder 
proceeded through the three layers of cloth and into 
the foam sample below. 


Temperature data were taken with K-type 
thermocouples placed at fixed distances along the 
centerline of the samples. The temperature 
histories of the thermocouples was used to 
determine both peak temperature and smolder 
velocity as a function of air flow rate. Smolder 
velocity was determined by taking the ratio of the 
distance between two thermocouples and the delay 
time of arrival of the smolder front between these 
thermocouples. Both sources of information were 
used to analyze the characteristics of the smolder 
propagation through the samples, and their 
variation with the environment. 

3. Results 

3.1 Downward Coc uiren t Smolder at Normal 
Gravity 

These tests were conducted on samples, as 
described above, in a chemical fume hood. In these 
tests, samples were ignited at the top and smoldered 
downward. When a forcing flow was applied, it 
was ducted upward through the samples from the 
bottom (see Figure 2). Peak temperatures measured 
by the topmost and bottommost thermocouples are 
plotted vs. a range of forced flowrates in Figure 3. 
Smolder velocities obtained with data from the 
topmost thermocouple pair and the bottommost 
thermocouple pair are plotted vs. forced flowrates in 
Figure 4. The topmost thermocouple is expected 
to be highly influenced by the ignition region, 
while the bottommost thermocouple represents a 
region independent of the 
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ignition source. Note that Figure 4 reflects a 
nearly constant smolder velocity derived from the 
topmost thermocouple pair. This is another 
indication of the steadying effect of the ignition 
region. 

In comparing Figures 3 and 4, it can be seen 
that there is a correspondance between peak 
temperature and smolder propagation velocity. In 
both figures, the uppermost temperature or velocity 
shows a region which, although affected by _ 
flowrate (higher flowrates produce cooler ignition 
regions), is clearly most strongly dependent on the 

fact that it is near the ignition zone. The 

bottommost thermocouple shows a strong drop at 
12 scc/sec flowrate, true also for smolder velocity 
away from the influence of the ignition zone. This 
is at least partially the result of forced flow 
cooling. In addition, there is the possibility that 
this is where entrainment due to buoyancy is 
overcome by the forcing flow. 
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3.2 Upward Cocurrent Smoldering at Normal 
Gravity 

In this case, samples were ignited at the 
bottom, smoldering upward, with forced air flowing 
downward through the samples for those cases 
where forcing flow was applied. For this 
configuration, the effect of buoyancy is more 
complex. Figure 5 shows peak temperatures 
measured by the topmost and bottommost 
thermocouples plotted against a range of flowrates. 

As can be seen in this figure, peak temperature 

drops drastically when flowrate is increased 
slightly, then climbs again in the range 25-40 
scc/sec, then falls off at higher flow velocities. In 
these tests, buoyancy acts in a direction opposite to 
that of the forcing flow, moving combustion 
products upward into the porous foam. Since this 
is the case, we expect to see a region in flowrate 
space where the two flow effects counteract one 
another, and recirculation effects may be generated 
within die fuel bed. From Figure 5, we can see 
that at higher flow rates, forcing flow overcomes 
any effect due to buoyant flow, as was true in the 
downward burning case (see Figure 3). For the 

range of flowrates below that, we can now see the 
effects of buoyancy competing with forcing flow 
(rather than combining, as in downward burning). 

3.3 Low Gravity Tests 

Two series of tests were conducted under 
low gravity conditions - an ignition senes and a 
steady smolder series. As mentioned previously, 
of the short duration of each test, changes 
in smolder characteristics when g level was 
abruptly changed from one to almost zero were 

noted. All these tests were conducted in the 2.2 

Second Zero-Gravity Facility at NASA's Lewis 
Research Center in Cleveland, Ohio. A schematic 
of this facility if shown in Figure 6. In this 
facility. 2.2 seconds of acceleration levels of about 
10-5 g are achieved by allowing an experimental 
package to free-fall in the 89 ft tower. The 
package is enclosed within a free-falling drag shield, 

designed with a low drag coefficient Since the 

package and the drag shield fall freely and 
independently of each other, the package 
experiences drag due only to it's small velocity 
relative to the shield. At the end of a drop test 
spikes on the bottom of the drag shield penetrate a 
7-ft deep bed of sand at the base of the tower, 
bringing the package to rest Maximum 
decelerations are about 30 g. 
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Figure 7 shows a schematic of the drop 
package, whose overall measurements were 36 by 
16 by 30 inches. All data acquisition, power and 
timing equipment were mounted on the drop 
package itself. Either two or five K-type 
thermocouples, ungrounded junction of diameter 
.001", were used for these tests. For the ignition 
tests, two thermocouples were use, one just under 
the foam surface and another 1/4” below that. For 
the steady smolder tests, five thermocouples were 
used, placed at 1/2" intervals through the foam. 
Note that the purpose here was hot to measure 
smolder velocities. We initiated a drop after steady 
smolder was established, and then looked at changes 
registered by any of the five thermocouples as 
single entities. Temperature data were taken and 
stored with a small on-board data acquisition and 
control computer. The efm for each thermocouple 
was recorded 20 times per second, and at the end of 


each drop the data were transferred to a PC for 
reduction and analysis. The smolder apparatus was 
mounted at the center of a 10 in. diameter, and 2 
foot tall combustion chamber. Air flow, from a 
regulated pressure cylinder on the rig, was 
controlled by a precision metering valve. The 
metering valve was calibrated on the ground, and 
the calibration was checked at the end of each days 
drops. Air entered the combustion chamber 
through ports mounted on its floor, and was ducted 
into the apparatus and through the foam. 

Volumetric flow rates were very small, and did not 
affect the pressure in the combustion chamber over 
the lengths of time that these tests were conducted. 

Samples were ignited in 1 g and then dropped. 
For the tests designed to look at ignition, the drop 
occurred after a ninety second wait, which was 
determined from ground tests to be enough time for 
the foam to just begin to smolder. Tests conducted 
to see if information could be gained from looking 
at the 1 g to 0 g transition in steady smolder had a 
5-7 minute wait after ignition. This was necessary 
to allow the smolder front to move into the body of 
the foam sample. The drop in these tests occurred 
when the smolder front just reached a particular 
thermocouple. 

3.3.1 Low Gravity Ignition Tests 

14 tests were conducted, using five different 
forcing flow rates over the range of 0-20 scc/sec. 

For these tests, the samples were ignited in 1 g and 
then dropped while still in the ignition phase (Le., 
self-sustaining smolder was achieved in the cotton 
cloth but not in the foam itself). What is derived 
from these tests is information on how temperature 
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Figure 7 

3.3.2 Low Gravity Steady Smolder Tests 


changes in the immediate vicinity of ignition as we 
go from 1 g to 0 g. Figure 8 shows a 
representative graph of temperature vs. time results 
for a single one of these drops. Graphical 
representation of the overall results in shown in 
Figure 9. Figure 9 shows the average change in 
slope of the recorded temperature (°C/sec) from 
before drop initiation through the duration of the 
drop. This figure clearly shows that there is a 
significant change at lower flowrates, and that this 
change becomes negligible as the flowrate increases 
(somewhere after 8scc/sec). This indicates that 
forced flow conditions are dominant at larger 
flowrates, in qualitative agreement with the normal 
gravity data. 
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Figure 8 


14 tests were conducted over three flowrates. 
These tests had the same apparatus as the ignition 
series, but with more thermocouples, as was 
explained earlier. In these cases. The drop package 
sat at the top of the tower for 5-7 minutes between 
ignition and dropping, to allow steady smolder to 
become established in the samples. The drop was 
j piiiatf/t when the smolder wave reached one of the 
thermocouples. This was accomplished by having 
the on-board computer send a signal when the 
temperature recorded by the third thermocouple 
reached levels expected in the smolder front These 
results are far more difficult to interpret than the 
ignition cases because there is not the uniformity 
seen in the ignition series. There were three types 
of results from these tests. They will be described 
here and discussed qualitatively in the next section, 
to three cases, oscillations in temperature can be 
observed at the reaction zone after the package 
drops. These are not artifacts of the data acquisition 
system. There are also four definite, clear cases, for 
low flow rates, where the temperature at both the 
reaction zone thermocouple and the topmost 
thermocouple goes up after the drop. This parallels 
the results of the ignition series tests. The rest of 
the drops show little or no changes at any of the 
thermocouples. This may well have resulted from 
errors in drop signal timing or delays in the drop 
sequence causing the drop to occur with the reaction 
front not located right at a thermocouple. 

4 Discussion a nd Conclusions 

In comparing the two configurations of normal 
gravity studies, it should be noted that, while both 
are cocurrent, in one case ( downward burning) the 
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forcing flow acts in the same direction as flow due 
to buoyancy, and in the other case ( upward 
burning) they act in opposite directions. For the 
downward burning case, at low forcing flow 
velocities, there will be a buoyant plume above the 
hot smoldering region that will carry away hot 
products and entrain fresh cooler air, bringing it 
into the smolder region. For larger values of 
forcing flow, flow effects due to buoyancy will be 
overpowered. It is expected that, for forced 
flowrates above a threshold value, buoyancy will 
not play a role. For the upward burning case as 
well, we expect to see buoyancy playing a role at 
lower flowrates, and being overcome by forcing 
flow effects after some threshold. Figures 3, 4 and 
5 all indicate that there appears to be a region where 
buoyancy does play a clear role in smoldering 
propagation. That region is 5-15 scc/sec for the 
geometry and fuel we are studying. 

The smolder process itself is very slow, and 
occurs (in steady state) in a time frame far longer 
than two seconds (approximately 20 minutes for 
complete burning in the sample size we had). Our 
objective in using the Drop Tower has been to 
obtain trends and to examine the changes which 
occur in a smoldering sample during the transition 
from normal to low gravity. While somewhat 
limited data have been obtained, this preliminary 
level of information is critical for the design of 
future, longer time scale experiments in low 
gravity, particularly few the development of smolder 
initiation techniques in low gravity. 

As was seen from the normal gravity tests in this 
program, buoyancy driven convective heat and mass 
transfer do play a role in smoldering combustion. 

In the ignition phase, buoyancy affects both the 
heat transfer from the ignition source and the mass 
flux of oxygen to the smolder initiation zone. An 
understanding of the differences we can expect in 


initial temperature and location of combustion 
products for 1 g and 0 g cases is necessary in order 
to design an ignition system for space-based 
experiments. 

As can be seen from Figure 9, low gravity vs. 
one gravity trends cease to show differences for 
higher forced flowrates, but do reflect changed for 
the lower flowrates, the region where differences 
occur encompasses the same range as was observed 
in the normal ^gravity downward burning tests (see 
Figure 4). These rests indicate that there is a 
definite region where smoldering combustion will 
behave differently in the absence of gravity than it 
does at one g, and that this difference may affect the 
whole process of ignition to smolder. What is 
interesting to note is that, over the time scale of 
these tests (2.2 sec.) the system responds more to 
the influence of heat loss changes than it does to 
any changes in the oxygen flux. This clearly 
affected the results of the low gravity steady 
smolder series of tests, where at least part of the 
problem was that the characteristic time few steady 
smolder inside a porous body to be affected by 
changes in buoyant currents is much longer than 
for smolder initiation. It is also true, however, that 
the steadying effects that we saw in the normal 
gravity tests from the ignition zone will not 
necessarily be present at the location of most of the 
thermocouples in these tests. 

From our ground tests, where we studied one- 
dimensional cocurrent smolder, we have identified a 
range of low flowrates where buoyancy affects 
smolder propagation, for the fuel and geometry we 
are studying. The results of our preliminary low 
gravity tests, looking at the same fuel and 
geometry in a 2.2 second drop tower, indicate that 
there are differences in the behavior of smolder over 
the same range of low flowrates, when compared 
with normal g tests. In order to truly verify these 
results for steady smolder over the range of 
flowrates which should be studied, we need to move 
to a facility which allows longer periods of low 
gravity. 
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ABSTRACT 

Smoldering combustion experiments have been conducted in normal gravity, in a 
Drop Tower (the NASA Lewis Research Center 2.2 second drop tower) and in an aircraft 
following a parabolic trajectory (NASA KC-135), to observe the effects of buoyancy (and 
the absence of buoyancy) on opposed smoldering of samples of polyurethane foam. In 
opposed smolder the smolder reaction propagates in a direction opposed to that of the 
forced oxidizer flow. Initial information on smolder behavior in a microgravity 
environment has been obtained and compared with normal gravity tests. The slow process 
of smolder (approximately 1 mm/sec) allowed somewhat limited data acquisition in the 
drop tower tests (where 2.2 seconds of microgravity are available). In the KC-135 tests 
(30 seconds of low gravity for up to 40 parabolas), considerably more data was obtained, 
as a single sample was smoldered for an entire flight, with data acquisition occurring 
during both high-g and low-g portions of each flight The experimental results show that 
buoyancy affects both species transport and transfer of heat to and from the reaction zone. 
Results from parabolic flight tests indicate that at the reaction zone transport of O 2 is 
dominant and the consequent reaction temperature decreases in microgravity. Away from 
the reaction zone, temperature increases in microgravity due to the lack of convective 
cooling. All of these effects are less noticeable as the flow velocity is increased, and as the 
reaction propagates more toward the interior of the foam samples. 

INTRODUCTION 

This paper summarizes a preliminary analysis of the results of a study of 
smoldering combustion under low gravity conditions. Smolder is defined as a non- 
flaming, exothermic surface combustion reaction It commonly occurs in porous and 
permeable combustible materials, and is distinguished from other combustion reactions by 
its low temperatures, lack of flame and slow propagation velocities. After smolder has 
been initiated, it propagates through the fuel by transferring heat, released during 
heterogeneous oxidation of the fuel, toward the virgin material Heat is transferred by 
conduction, convection and radiation. Additionally, oxidizer, transported to the reaction 
zone by diffusion and convection, must be present in sufficient quantity to allow the 
reaction to proceed. An excellent review of smolder combustion modeling is that of 
Ohlemiller^ A limited number of experimental and theoretical studies on the effect of 
buoyancy on steady smolder have been published^*^. Since smolder is possible at air/fuel 
ratios only a few percent of stoichiometric^, heat release and smolder velocities may be, 
relatively, quite low. Convective flow of gases, either free or forced, may therefore have a 
significant effect on smolder. In an effort motivated primarily by the need to understand 
the possible behavior of smoldering combustion iiva space-based environment where 
natural convection will not be present, we have been studying the role of buoyancy in 
smolder initiation and propagation through porous combustible materials. The particular 
fuel used for all of these studies is polyurethane foam, which has been studied previously 

for it's smoldering properties^.', 8, 9 

In the current investigations, smoldering combustion experiments have been 
conducted in normal gravity, and at low gravity in a Drop Tower (the NASA Lewis 
Research Center 2.2 second drop tower) and in an aircraft following a parabolic trajectory 
(NASA KC-1 35), to observe the effects of buoyancy (and the absence of buoyancy) on 
opposed smoldering of samples of polyurethane foam. Initial information on smolder 
behavior in a microgravity environment has been obtained and compared with normal 
gravity tests. The slow process of smolder (approximately 1 mm/sec) allowed only limited 
data acquisition in the drop tower tests (where 2.2 seconds of microgravity are available). 
In the KC-135 tests (30 seconds of low gravity for up to 40 parabolas), considerably more 
data was obtained, as a single sample was smoldered for an entire flight, with data 
acquisition occurring during both high-g and low-g portions of each flight The results of 



the KC-135 investigations will be the focus of this paper. The other investigations have 
been reported on in detail in a previous paper 4 , and will only be summarized here. 


EXPERIMENTAL DETAILS 

All tests involve downward propagation of reverse or opposed smolder of 
polyurethane foam. Figure 1 shows a schematic of opposed downward smolder. In this 
configuration, the smolder reaction is ignited at the top of the fuel sample and propagates 
downward against an opposing flow of air. All tests, at both normal and low gravity, were 
conducted on cubic samples of polyurethane foam, four inches on a side. Figure 2 shows 
a schematic of die test apparatus used for all of these experiments. A foam sample was 
ignited at the top. The sides of the test apparatus holding the foam were well insulated. 

One end of the foam container was fined to an air duct through which a flow of an forced 
Compres sed standard air was used, and flow was controlled by either a Matheson 603/604 
rotameter (ground tests) or a precision metering valve (drop tower tests and KC-135 
tests).Ground tests were conducted in a chemical fume hood, and in both the Drop Tower 

and KC-135 a combustion chamber (1.5'X1.5'X3') was used. ... 

Polyurethane foam was chosen as our fuel because it maintains its shape as it 
smolders and it is a realistic test fuel for spacecraft fire hazards. Smolder was initiated 
from the top in the following manner A nichrome wire coil, through which a 10V current 
was passed, was placed against 3 layers of cotton linen (1 1/2 square) centered in the 
open end of the sample. The wire was left on for approximately 40 seconds to ensure that 
the top cloth layer had begun to smolder. Smolder proceeded through the three layers of 
cloth and into the foam sample below. It appears that the role of the cotton is to keep the 
smolder initiation region sufficiently insulated to prevent heat losses which may cause the 
reaction to extinguish. This proved a reliable and repeatable method for smolder initiation 
for all phases of this testing. 

Temperature data were taken with K-type thermocouples placed at 1/2 intervals 
along the centerline of the samples. The temperature histories of the thermocouples was 
used to determine both peak temperature and smolder velocity (in the cases where data was 
sufficiently steady to derive it) as a function of time and air flow rate. Smolder velocity 
was determined by taking the ratio of the distance between two thermocouples and the 
delay time of arrival of the smolder front between these thermocouples. Both sources of 
inf ormation were used to analyze the characteristics of the smolder propagation through the 
samples, and their variation with the environment In particular, for the KC-135 
experiments, samples were ignited in normal gravity just prior to the initiation of the first 
parabola. In order to obtain low gravity, the KC-135 flies a series of parabolas consisting 

of a 2G acceleration upwards followed by a low gravity period of about 30 seconds. 
During each flight a single sample was ignited and smoldered until it extinguished or was 
extinguished (~1 hr). 


RESULTS FRO M PREVIOUS WORK 

From our ground tests, where studies were conducted on one-dimensional reverse 
smolder, a range of low flow rates where identified where buoyancy affects smolder 
propagation, for the fuel and geometry we are using. Figure 3 shows smolder velocity vs. 
forced flow velocity for downward smolder. The data leads to the identification of a range 
of low flow rates where buoyancy may be the mechanism causing differences in the 
results. Preliminary low gravity tests conducted in a drop tower, looking at the same fuel 
and geometry, indicated that there were differences in the behavior of smolder near the 
ignition zone over the same range of low flow rates when compared with normal gravity 
results Figure 4 shows results from these tests. Though this preliminary work showed 
some apparent trends, it was clear that, because of the very slow propagation rates of 
smolder, longer low gravity times were needed to begin to define better the actual behavior 
of smolder in a low gravity environment. 
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A series of four flights on die KC-135 were completed, each one with fixed 
experimental conditions. Two of the experiments with forced flow velocities of 0.14 and 
0.22 cm/sec provided good data. A third experiment with forced flow of .05 cm/sec 
provided a small amount of additional data. A description erf these results follows. 


Figure 5 shows a sample of a complete days flight (0.14 cm/sec) with a 
thermocouple trace and acceleration data overlaid together vs. time. In this particular case, 
the smolder reaction is approaching and passing by the thermocouple as this set of 
parabolas is flown. Data like this was obtained for all three forced flow rates described 
above. As well, data from thermocouples ahead of die reaction (virgin foam) and behind 
the reaction zone (the char region) were obtained for 0.14 and 0.22 cm/sec. From these 
data sets, it was determined that, at least for the region quite close to the reaction zone, 
there are several time intervals which are evident The first, called transition 1, was the time 
lag between the onset of 0G and an abrupt change in the sign of the temperature gradient . 
Transition 2 is the time lag between the end of 0G and the next change in sign of the 
temperature gradient. The trends of these time lags are summarized in Table 1. 
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5.0 
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Note that when smolder occurs further inside the porous body the time it takes to be 
affected by changes in gravity is longer. This is due to the resistance presented to the air 
passing through a longer sample prior to reaching the reaction zone. It appears that the 
effect of flow rate is that higher forcing flows have longer time lags for either transition. 
This makes sense qualitatively, since the effects of buoyancy are a more significant portion 
of the overall process for lower forcing flow rates. 

In addition to time lags, lines have been fit to the data for the periods just prior to 
entering 0G and in 0G. These are tabulated as slopes (8T/3t) in Table 2, and Figure 6 



shows an samp le of what portions of the thermocouple traces these values are derived 
from. As shown in Table 2, for lower forced flow rates in regions near the reaction zone, 
temperature rises faster just prior to the initiation of OG (this is the pull-up, where 
acceleration is 2G's) and falls faster during OG (this is shown graphically in Figure 7). 
This shows that, for die higher forced flow velocities, the effects of 2G or OG are less and 
less noticeable. This is an indication that we are moving toward pure forced flow 
dominated smolder. 
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Table 2 - Averages of 3T/3t Over Four Parabolas 


Awav From the Reaction Zo ne . ... , - 

Figure 8 shows thermocouple and acceleration traces winch are an example of 
results from the char region. As can be seen from this figure, as well as Table2, the effect 
of the 2G pull-up is minimal but during OG the temperature clearly goes up. There is no 
discemable time lag for data from these regions, and the effect of forced flow rate seem to 
be that the temperature rise during OG is smaller the higher the forced flow velocity. 
Qualitatively, this makes sense, since the higher the forced velocity, the mialler the 
percentage of overall convective heat less that is due to buoyant convection. What is clear 
is that in these regions away from the reaction zone the reduced heat losses in OG result in 
higher fuel temperatures. 

CONCLUDING REMARKS 

These data show significant variation, for smolder behavior in OG, from that in a 
normal or higher gravity environment. For all forced flow rates examined, there is a 
greater change in smolder during OG than during 2G accelerations. While the 2G pull-ups 
seemed to enhance smolder (see Figure 6), the reaction itself was always significantly 
depressed in OG. The peak smolder temperature seen during these experiments was 
somewhat higher than that seen in ground-based experiments on smoldering polyurethane 
foam 6 . This is due to the high G maneuvers, which enhance oxygen flow to the reaction 
zone This, and the response of the reaction to OG indicate that this strong smolder reaction 
is oxygen supply limited. These tests give some possible evidence that smolder will simply 
extinguish in low gravity environments. But there are several factors which must still be 
better understood. The tests also show an apparent insulating effect, seen in the 
temperature rise in char regions during OG, which may contribute to smolder sustainability 
at a lower temperature than those in these tests. The KC-135 environment will never allow 
examination of this because the 2G pull-ups enhance the smolder reaction pnor to each OG 


period. This would of course be dependent on sufficient available oxygen to sustain a low 
temperature smolder reaction, since there is, particularly in high porosity fuels such as low 
density foams, a strong coupling between heat transfer and oxygen supply in a smolder 
reaction. 10 . It is unknown at this time whether there is sufficient oxygen in the pores of a 
foam fuel to sustain smolder (i.e. a purely diffusion controlled reaction). 
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Figure 3 

Data From Normal Gravity Tests 
Downward Opposed Smolder 



Figure 4 

Data From Drop Tower Tests 
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Figure 5 

Data From An Entire Flight 



Figure 6 

Close-Up of 0.14 cm/sec Data 








REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No . 0704-0188 


Public reporting burden for this collection of information Is estimaled to average 1 hour per response, including the time tor reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway Suite 1204 Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project {0704-01 SB). Washington. DC 20503. 


1. AGENCY USE ONLY { Leave blank) 


4. TITLE AND SUBTTTLE 


2. REPORT DATE 


3. REPORT TYPE AND DATES COVERED 


August 1995 


A Fundamental Study of Smoldering With Emphasis on Experimental 
Design for Zero-G 


6. AUTHOR(S) 

Carlos Fernandez -Pello and Patrick J. Pagni 


Final Contractor Report 


5. FUNDING NUMBERS 


WU-962-22-00 

G-NAG3-443 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSEES) 

University of California, Berkeley 
Department of Mechanical Engineering 
Berkeley, California 94720 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


E-9837 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESSEES) 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135-3191 


10. SPONSORING/MONtTORING 
AGENCY REPORT NUMBER 


NASA CR-198378 


11. SUPPLEMENTARY NOTES 


Project Manager, Dennis P. Stocker, Space Experiments Division, NASA Lewis Research Center, organization code 6711, 
(216) 433-2166. 


12a. DISTRIBUTION/ AVAILABILITY STATEMENT 


12b. DISTRIBUTION CODE 


Unclassified -Unlimited 
Subject Category 29 

This publication is available from the NASA Center for Aerospace Information, (301) 621—0390. 


13. ABSTRACT (Maximum 200 words) 

A research program to study smoldering combustion with emphasis on the design of an experiment to be conducted in the 
Space Shuttle was conducted at the Department of Mechanical Engineering, University of California, Berkeley, under 
NASA sponsorship. The motivation of the research is the interest in smoldering both as a fundamental combustion 
problem and as a serious fire risk. Research conducted included theoretical and experimental studies that have brought 
considerable new information about smolder combustion, the effect that buoyancy has on the process, and specific 
information for the design of a space experiment Experiments were conducted at normal gravity, in opposed and forward 
mode of propagation and in the upward and downward direction to determine the effect and range of influence of gravity 
on smolder. Experiments were also conducted in microgravity, in a drop tower and in parabolic aircraft flights, where the 
brief microgravity periods were used to analyze transient aspects of the problem. Significant progress was made on the 
study of one-dimensional smolder, particularly in the opposed-flow configuration. These studies provided the background 
for a continuation research program currently underway on smoldering, also supported by NASA. They also provided 
enough information to design a small-scale space-based experiment and that was successfully conducted in the Spacelab 
Glovebox in the June 1992 USML-l/STS-50 mission of the Space Shuttle Columbia. 


14. SUBJECT TERMS 

Smoldering; Combustion; Microgravity; Polyurethane foam; Buoyancy 


17 SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 
OF REPORT OF THIS PAGE OF ABSTRACT 

Unclassified Unclassified Unclassified 


15. NUMBER OF PAGES 

274 


16. PRICE CODE 

A12 


20. LIMITATION OF ABSTRACT 


NSN 7540-01-280-5500 


Standard Form 298 (Rev. 2-89) 
Prescrfoed by ANSI Std. Z39-18 
296-102 



















